
PHYSICAL REVIE%' B VOLUME 26, NUMBER 12 15 DECEMBER 1982

Low-temperature ionization of the excited F center: Evidence for lattice tunneling
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Several possible ionization mechanisms of excited F centers (F*) in alkali halides are
discussed. A lattice tunneling model for the low-temperature F* ionization is proposed
which implies considerable rearrangement of the lattice as a condition for a radiationless

electron transfer from the F* center to a virtual polaron center in the crystal. This model

rests on a configurational diagram based on experimental absorption and emission data.
A recent reaction-rate theory of electron hopping in polar crystals is applied to calculate
the rate constant k &2 of the F~ ionization in the temperature range 10—160 K by the use

of reasonable values of four parameters: the LO vibration frequency v, the reorganiza-

tion energy E„of the lattice, the reaction heat Q at zero temperature, and the resonance

energy V&2 of the electron transfer. In this way good agreement between the theoretical
results and the available experimental data for k&2 is obtained. In addition, an indepen-

dent estimation of the "average" resonance energy, based on a simple donor-acceptor
model for the electron transfer, is found to agree very well with the values of Vl2 fitted to
the experiment. The average values of the electron tunneling distanceE, and the average
donor-acceptor (F-center —polaron-center) separation R derived from this model seem also
to be quite reasonable. Some implications of the theory concerning the reverse process of
electron transfer from a free polaron to an empty ion vacancy are also discussed.

I. INTRODUCTION

The optical excitation in the F band of an F
center (electron bound to anion vacancy) in the al-
kali halides results, after lattice relaxation, in the
formation of a short-lived relaxed excited state F*
(RES). The F" lifetime rF has been measured for
the first time in KCl by Swank and Brown using
both luminescence-decay and transient-photocon-
ductivity techniques. ' Since then a number of life-
time experiments have been performed on virtually
all the alkali halides. The F' lifetime has been
found to be temperature dependent: Generally, it

falls down slowly but steadily as the temperature T
is raised to about 100 K, which is then followed by
a much steeper decrease at higher temperatures.
This latter branch of the ~F vs T curve has been
tentatively explained in terms of the ionization of
the F* center through transition of the electron to
the conduction band (CB) in a thermally activated
process. The entire temperature dependence has
been dealt with by means of the equation

where ~z is the radiative deexcitation rate,
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=ro exp( F—g/AT)
—1 —1 (2)

g;=~F/~; . (4)

It is clear that only parallel measurements of 7 p,
gq, and q; could provide the complete experimen-
tal information on all three F* decay rates men-

tioned above. Nevertheless, most of the work done
so far has involved the first two quantities (rz and

q~) alone, while the ionization rate r, ' has been
assumed to be of the form (2) with ro

' ——v;—a
classical attempt frequency of the order of 10'
Hz. By such measurements Stiles et al. showed ~~
(the radiative lifetime) to be slightly decreasing
with the temperature from liquid-helium tempera-
ture (LHeT) to 100 K, while gz remained constant
(equal to 1 for KC1). ' This was explained in

terms of the thermal population of a 2p-like RES,
more efficient in emission than the lower-lying 2s-

like state, normally occupied at low temperatures.
Data on the r~ term (assuming a "classical" ioni-
zation rate) were reported for NaF (Ref. 6) and for
KF (Ref. 7) and explained in terms of Kubo and
Toyozawa's tunneling process to the ground state.
It was also suggested that an extra temperature
dependence on 70 and/or E; may arise from the
thermal expansion of the lattice. Recently Bosi
and Nimis proposed that a low-temperature varia-
tion of ~z could arise from the interaction with a
residual concentration of empty anion vacancies
frozen-in during quenching. '

So far, all the three experimentally accessible
quantities have been measured in KC1, namely,

as well as g ' ' The ion-
ization efficiency was obtained as half the initial
quantum yield g~ z of the F-F' conversion or was

extracted from photoconductivity data. The exper-
imental data indicate clearly that the nonradiative
deexcitation is unimportant in KC1. The quantity

(1/g; —1) '=r; '/rq ' was found to follow well

the Arrhenius dependence on the absolute tempera-
ture above 100 K, yielding an F* thermal ioniza-
tion energy of 0.16 eV, ' in agreement with values

obtained in v.z and g~ measurements. However,

is the thermal ionization rate (E; being the ioniza-
tion energy, ro

'—an effective frequency factor),
and r&

' is the rate of any other (nonradiative)
deexcitation process.

Quantities closely related to rz are the radiative
quantum yield

'9z =&a«z

and the ionization efficiency

the apparent harmony between the classical ioniza-

tion model and experiment is increasingly violated
below 100 K, there remaining a residual nonvan-

ishing ionization efficiency at temperatures as low

as LHeT. Such a residual effect is also exhibited

by the temperature dependence of the F-F' photoe-
quilibrium, ' and could well be due to the same
physical reason, the F' photoequilibrium density

being proportional to the square root of g; at low

conversion magnitudes. An additional indication
of the low-temperature ionizability of the F* center
comes from measurements of the photoconductivi-

ty in the F band. Although the observed low-

temperature photocurrent had once been attributed
to unspecified colloids, ' it has remained basically
unexplained. '

It should be pointed out that the observed low-
temperature ionization yields, when measured as
F-F' half-yields, ' do not seem to result from any
F' centers produced through electron tunneling be-

tween close F-center pairs' ' for the following
reasons: (i) the high-temperature ultimate rl; value
is unity with reasonable accuracy; (ii) the F-center
system studied is fairly dilute ( & 6X 10' /cm3 in
additively colored crystals); (iii) any tunnel-

produced F' centers would contribute negligibly to
the F density measured in a steady-state —absorp-
tion experiment, since they are short lived due to
the reverse tunneling process. It seems safe to con-
clude that the residual g; value represents a real al-
though greatly puzzling phenomenon of an F* ion-
ization capability at unexpectedly low tempera-
tures. The low-temperature trend is also displayed

by the photoequilibrium F-F' conversion versus
temperature plot in KF below 100 K.'

Several mechanisms have been considered in the
literature that must be taken into account while
discussing the F* absorption ionizability:

(i) F' absorption of ir light quanta originating
from the intrinsic emission due to the transverse-

optical (TO) vibrations of the lattice. ' The com-

puted g; vs T dependence falls well beneath the ex-

perimental points below 90 K. The agreement be-

tween theory and experiment' is generally poor.
(ii) Phonon-assisted transition of the F' electron

to an excited polaron band of 2p symmetry. The
computed temperature dependence of g;, while

agreeing fairly well with the experimental curve
above 120 K, ' falls beneath it at lower tempera-
tures.

(iii) F* autoionization before or during relaxa-
tion if the low-lying ionization states dip below
those reached on absorption of F band light. ' Al-

though no quantitative theory seems to have been
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developed, it is clear that the transition from ex-
cited to ionized F states should involve rearrange-
ment of the equilibrium lattice configuration,
which requires ionic tunneling at low temperatures.
The model allows for a low-temperature F-center
ionizability on phonon absorption within the high-

energy portion of the F band.
(iv) F* ionization due to reabsorption of intrin-

sic F* emission light quanta. The mechanism
would work because of the expected overlap of the
F' emission and (ionization) absorption bands, as
found in KI.

(v) F" ionization through F' F* int-eraction due
to Auger's effect, or to resonant energy transfer. 26

The latter mechanism requires that the F* absorp-
tion and emission bands should overlap. Inasmuch
as such an overlap has actually been found in KI,
the resonant energy transfer model was used to in-
terpret experimental data on the decay of the F*
population following laser pumping in the F band
of that material. ' Both mechanisms are depen-
dent on the separation between F* pairs and would
therefore require considerable F* densities. For
example, the resonant energy transfer occurs as an
F* decay mode in KI when more than 10' F
centers per cm are excited simultaneously. How-
ever, such very high excitation levels are not
achieved by means of usual light sources.

(vi) Another possibility that has not yet been dis-
cussed relative to the F* center is the low-temper-
ature F* ionization through lattice tunneling to
low-lying ionization states in an endo- or exother-
mic process. In either case such a process
would require considerable rearrangement of the
lattice as one goes from the RES to the equilibri-
um ionized states.

In what follows we shall present both experi-
mental and theoretical arguments to justify an at-
tempt of explaining the observed low-temperature
F' ionizability in terms of (vi). While a quantita-
tive description will be sought of the total F* ioni-
zation rate by means of a lattice-tunneling process
alone, credit must also be given to other mecha-
nisms mentioned that can also contribute to the
measured ionizability. In this sense the computed
effect should be considered an upper limit to the
eventual contribution of tunneling.

II. CONFIGURATIONAL COORDINATE
DIAGRAM FOR THE E CENTER

In its simplest form the configurational coordi-
nate (CC) method plots the adiabatic energy of the
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FIG. 1. Configurational coordinate diagram of the
KCl I' center. I'* and I'0 label the potential energy
curves for the first excited and ground electron states,
respectively, F+ denotes three potential energy curves
for the ionization state, computed at three different
values of the relaxed —excited-state optical ionization
energy (0.3, 0.4, and 0.5 eV), and at the same threshold
energy for optical ionization of the ground state (3 eV).

coupled electron-phonon F-center system versus
some appropriate coordinate of the ionic motion,
e.g., that of the "breathing mode" around the va-
cancy. ' CC diagrams were widely used earlier for
describing the optical properties of defect centers
in ionic crystals, ' ' ' although the method in-
volves a number of approximations. ' The CC dia-
gram of the F center in KC1 is presented in Fig. 1

exhibiting the parabolas for the ground electron
state Fo, the first excited state F', and the low-

lying ionized state F+. Both F* and F+ are as-
sumed to be single-electron states and the compli-
cations arising from the mixture of states of dif-
ferent parity will be ignored. In computing the CC
diagrams for Fo and F' we used the method of
Luty and Gebhardt, taking into account the more
accurate absorption and emission data of Gebhardt
and Kuhnert. This necessitated introducing
slight corrections in only the F' curve. The F+
parabola was obtained using the longitudinal-optic
(LO) phonon frequency '

coLo ——4.02X 10' Hz and
the effective mass of the LO oscillator
MLo ——MKMc~/(MK+Mc~) to compute the force
constant f; =MtocoLo ——3. 12 eV/A . The approxi-
mate horizontal and vertical positions of the F+
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curve were calculated using the direct optical-
ionization threshold energies of Fo and F'. The
former was determined to be about 3 eV from the
spectral photoconductivity data of Wild and
Brown. The latter was never measured in KC1;
however, in KI it is about 0.3 eV. The ratio of
the F* thermal ionization energies in KC1 and KI
is 0.15:0.11=1.36. ' Using the relation between
optical and thermal ionization energies of a
Coulomb center, we corrected the above-
mentioned ratio for the dielectric constants (optical
and static) of KC1 and KI to obtain 0.49 eV for
the F* optical ionization energy in KC1. In fact,
this is just a rough estimate, because the F* elec-
tronic state is only approximately hydrogenlike.

Accordingly, we present in Fig. 1 three F+ parabo-
las computed at three different values for the F*
optical ionization energy: 0.3, 0.4, and 0.5 eV.

Two general features are displayed by the CC di-

agram in Fig. 1. First, there seems to be consider-
able lattice relaxation following the change of the
electronic state from F* to F+. Second, the possi-
bility is not excluded that the minimum of F+
may be nearly equal or even lie lower than that of
F* In any .case, the transition from F' to F+
would require overcoming a barrier of the order of
some tenths of an eV through classical or quantum
motion of the ions coupled to the F-center electron,
depending on the temperature. For the exothermic
direction of the process (F+ lower than F') the F*
ionization could proceed even at the lowest tem-
peratures via lattice tunneling through the barrier.
In the endothermic case (F + higher than F') the
low-temperature ionizability of F will be negligi-
ble, though there could be considerable deviation
from the Arrhenius law as a result of the lattice
tunneling before a real classical behavior is estab-
lished at higher temperatures.

In the following sections we shall discuss on the
basis of CC diagrams of Fig. 1 the reaction rates
for both the exothermic and endothermic situations
and compare them with the experiment.

III. THEORETICAL MODEL

A general theory of reaction rates in both gas
and condensed phases has been developed
in which both the electron and nuclear motions are
treated quantum mechanically within the frame-
work of the Born-Oppenheimer (adiabatic) approxi-
mation. The theory avoids the restrictions of the
classical (semiclassical) theories and those of the
quantum-mechanical perturbation theory. It leads

to the following general expression for the rate
constant:

k, , =~(k~T/h)(Z*/Z)exp( E,—/k~T) . (5)

Here E, is the "classical activation energy" for the
endothermic direction of reaction (Fig. 2), Z is the
complete partition function of reactants, and Z' is
the partition function of their nonreactive modes.

The factor ~ & 1 is the exact quantum correction to

the classical (semiclassical) rate constant, defined
in terms of the total transition probability averaged
over the quantum states of the nonreactive modes
of the reactants. The rate constant for the reverse
exothermic reaction direction is

k, , =k, ,exp(Q/kiiT) (Q &0),

where Q &0 is the reaction heat at 0 K, the classi-
cal activation energy now being E, —Q. For more
details on the general formulation of the theory the
reader is referred to the quoted papers.

We shall apply the above-mentioned reaction-
rate theory to a simple model of the crystal con-
sidered as a system of harmonic oscillators with
the same frequency v in both the initial and final
electron states. The adiabatic potential energy of
the system in both states is then described by two
similar many-dimensional rotational paraboloids,
which intersect along a line representing a tran-
sition-state configuration of the crystal lattice. Be-
cause of the electronic coupling between the two
localized electronic states a "resonance" splitting in
the intersection region results in the formation of a
lower and an upper adiabatic surface. The "reac-
tion coordinate" x is a straight line connecting the
positions of the minima of the two paraboloids.
This coordinate is dynamically separable from the
other coordinates of the crystal lattice. This fact
greatly simplifies the calculation of the transition
probability, which thus reduces to a one-dimen-
sional problem. A cross cut along x is illustrated
in Fig. 2, which corresponds to the CC diagrams
in Fig. 1. Similar diagrams were considered by
Seitz and by Mott and Gurney when they dis-
cussed the luminescent properties of defect
centers.

The coupled electron-lattice system can perform
transitions from the initial to the final state
described in the lattice configuration space by the
motion along the reaction coordinate x. In princi-
ple, both classical (over-barrier) and quantum-
mechanical (tunneling) transitions of the lattice,
which must overcome the potential barrier on the
lower adiabatic surface, are possible.
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FIG. 2. Cross cut along the reaction coordinate of a
potential energy surface resulting from the intersection
of two rotational paraboloids representing the electronic
energies of reactants and products, respectively.

[g =2m (Mv/h)'~ x is a dimensionless coordinate used in

place of the Cartesian coordinate x.] V~(g) and V2(g)
are the corresponding energy profiles for the initial and
final states of the system. V~2 is the resonance energy
at the crossing point (g =(,) of the potential curves

V~(g) and V2(g), Q is the reaction heat at 0 K, and E,
is the classical activation energy for the endothermic re-

action direction.

E„=h vgo /2 =fx o /2 (8"')

is the so-called "reorganization energy" of the os-
cillator system, where f is the force constant of the
vibration.

In (7) W, is the electron transition probabili-
30,3S,39

where

2m —2y„( &
—»y„)

1'.I'(r. )
(9)

y„=(Vf 2/2hv)[1/E, (E,+ V)2 E„)]', —(9')

contains Hermitian polynomials of order n ~, n2,
n ~

—1, and nz —1, g =2m.(Mv/h)'~ x is a dimen-

sionless and x a Cartesian vibrational coordinate,
and M is the effective mass of the lattice vibra-

tions, assumed to be the same in both electronic
states. The subscripts o and c refer to the positions
of the crossing point (g, ) of the parabolic poten-
tials Vt and Vz (Fig. 2) and the minimum of V2

(go), the minimum of V~ being at (=0. In (8)

E„=(n + —, )hv (8")

is the vibrational energy, and n
&

and n2 are the
quantum numbers of the initial and final states,
while

The simple model described above is completely
solved mathematically, ' in particular, in the
low-temperature range of strong lattice tunneling
T & T, /2, where T, is Christov's characteristic
temperature. ' In this range the rate expression
(5) turns into

while V& 2 is the resonance energy that is a measure
of the two-site electron interaction. I is the gam-
ma function.

The adopted model introduces four parameters:
v, E„, Q, and Vt 2. The barrier height Eb is related
toE Q and V, by

k
& 2

——v exp(h v/2k& T)

&&QWt(E„, )W, (E„,)exp( E„,/kgT) . —(7)
n&

Here, WI is the probability of the lattice tunneling

given by

(E„+Q)'
Eb E,= ———V, 2 (endothermic),

4E,

(E„—Q)
Eb E,—Q = —— —V&2 (exothermic) .

4E„

(10)

W(E )=
2n'+n' n ~.n2.

—(n& —n2) hv/Er —Er/hv2

Xe 'e

~(ko k )=koH, (k )H«, (k —40)

H —i(f )H —t(g —go)

+2n2H„(g )Hn, i(g —ko) (8')

All these parameters can be obtained, in principle,
from a detailed F-center theory.

We assume that the I'* ionization occurs by
electron tunneling from a donor state (I'*) to an
acceptor state (I'+), which is a virtual-polaron
state. The electron tunneling is made possible
through lattice reorganization from the initial con-
figuration /=0 to the transition configuration cor-
responding to the crossing point g=g, of the "dia-
batic" curves V~ and V2 at which the electronic
energies of states 1 and 2 are equal. A constant
donor-acceptor separation during the electron
transfer is assumed. This means that the subse-
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quent translational motion of the polaron relative
to the ionized donor (F+) center is neglected in

calculating the electron transition probability,
which implies that this motion is slow when com-
pared to the lattice vibrations. The lattice reor-
ganization leading to the appropriate transition
configuration, which is necessary for the electron
transfer to occur, is controlled by the ionic vibra-
tions in both the polaron state and in the neighbor-
hood of the F* center. The former are in fact LO
vibrations while the latter may be different; how-

ever, we assume that their frequency v is close to
vLo and is higher than that related to the F'~FO
radiative transition (v, & v & vLo). Insofar as the
above assumption is justified, the single-frequency
and single-reduced-mass oscillator model adopted
here may be expected to be a fair approximation to
reality.

IV. APPLICATION OF THE MODEL TO THE
KC1 EXCITED F-CENTER IONIZATION

Data on the F* ionization rate ~,. =g;/~z in
KC1 computed from the experimental data on ' '
q; and on' "~z are plotted in Fig. 3 by corre-
sponding data points versus the respective absolute
temperature between 10—160 K. In addition, re-
sults of similar calculations by Stiles et al. based
on their data of gq and ~~ under the assumption
that r(2 is negligible (giving g; =1—ga) are also
shown. The agreement between these and the
remaining points, based on the direct experimental
measurements of g;, lends support to Stiles's as-
sumption. It is seen that while data from different
sources agree fairly well above 100 K, there is con-
siderable difference at lower temperatures between

points obtained using F-F' measurements' ' and
photoconductivity data. Nevertheless, both sets of
low-temperature data point to (i) a considerable de-
viation from the Arrhenius law and (ii) the ex-
istence of a residual F' ionizability, those obtained
from rl~ z lying some 2 orders of magnitude
higher than those calculated from the F photo-
current.

A further attempt was made to process the data
in Fig. 3 in terms of the lattice-tunneling model of
Sec. III. Three types of reactions were tried; ex-
othermic (Q &0), isothermic (Q =0), and endo-
thermic (Q &0). Best fits were obtained assuming
the LO-oscillator frequencies (ct)Lp=4. 02 X 10 Hz
for KCI), while the remaining parameters were
varied.

Three representative examples are shown in Fig.
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~ {K)

FIG. 3. Temperature dependence of the ionization
rate k; =~, ' of the F* center. The theoretical curves
are calculated by Eqs. (6), (7), (8), and (9) with the fol-
lowing parameter values: co=coLo——4.02)&10' Hz.
Curve a (isothermic, Q =0): V~2 ——0.01 eV, E,=0.7282
eV. Curve b (exothermic, Q = —hvLp}: V&2=0.03 eV,

E,=0.9000 eV. Curve c (endothermic, Q = hvLp }:
V~2 ——0.02 eV, E„=0.7541 eV. The experimental points
are H, Swank and Brown, Ref. 1 (~~) and Luty, Ref. 12

(q;); 6, Stiles et al. Ref. 4 (~,. ') 0, Stiles et al. Ref. 4
(~~) and Bosi et al. Ref. 2 (g;); +, Bosi et al. Ref. 2,
(~,g;).

3 by solid lines labeled a, Q =0; b, Q = —h v; c,
Q =hv. Curve c (endothermic) agrees well with
the experimental data down to 70 K but does not
at all explain the low-temperature ionization below
that temperature. One concludes that either the
process is not endothermic, or that there exists
some other process in addition to c that is only

weakly or not temperature dependent and is re-

sponsible for the residual ionization. Curves a (iso-
thermic) and b (exothermic) both describe well the
experimental situation within the whole tempera-
ture range studied, except for a small range be-
tween 60 and 90 K. This description does not ap-

ply to the F-F' point below 100 K.

V. DISCUSSION OF THE RESULTS

Our calculations are essentially based on the CC
diagrams of type shown in Fig. 1, which cannot be
easily understood within the framework of the
large-orbit model of the F' center. " One of the
implications of this model is that there will be very
little lattice relaxation as the electron state changes
from F' to F + because of the assumed diffuse
character of the F* electron wave function, ' in
contrast to the situation depicted by the F+ curves
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in Fig. I. This situation is, however, consistent
with some experimental indications of a more com-
pact RES in KI. In such a case, a great deal of
lattice relaxation could be expected as one goes
from F* to F+. It is to be stressed that the F+
curves were computed using experimental data of
the optical ionization energies of Fo and F that
are characteristic of the direct vertical transitions,
according to the Franck-Condon principle. All
three of these curves display the large relaxation
behavior, contrary to earlier calculations. '" As-
suming a relative invariance of E„it may also be
expected that according to (8'") the magnitude of
the displacement xo (2E„/——f)'~ between the
equilibrium positions of F+ and F* will increase in
the order LiF-NaF-KF-RbF-NaC1-LiC1-KC1-
RbC1-NaBr-KBr-RbBr-NaI-KI-RbI due to the de-
crease of the LO force constant f in the same or-
der. Therefore, the lattice-tunneling ionization ef-
fect may eventually be more pronounced in the
iodides and the bromides than it is in the chlorides
and the fluorides. The effect may even be corn-
pletely absent in NaF where a low-magnitude
crossover barrier between F* and Fo (Ref. 45) ap-
parently favors a strong v.~ term, presumably by
means of the Kubo-Toyozawa tunneling deexcita-
tion process.

The fair agreement between curves a and b on
one hand and the experimental points on the other,
as shown in Fig. 3, suggests F* ionization through
an isothermic or an exothermic lattice tunneling
channel releasing little reaction heat (Q -h vLo).
This conclusion depends critically on the existence
of the low-temperature ~;

' points below 60 K.
However, as mentioned in Sec. I, a residual F*
ionizability could arise, in principle, due to a
variety of mechanisms. A residual temperature-
independent term ko ——40 s ' if added to the en-
dothermic rate constant (Fig. 3, curve c) would
also lead to a similar fair agreement with experi-
ment, as that displayed by the isothermic and ex-

othermic curves a and b in Fig. 3. Therefore, an
unambiguous determination of the actual mecha-
nisms of F' ionization at low temperatures (T & 60
K) is necessary. Moreover, assuming the validity
of the lattice tunneling model one needs an in-

dependent estimation of the fitting parameters in
order to check the above three possibilities (Q =0,
Q &0, and Q &0). In any event there seems to be
little doubt in that the observed low-temperature
deviations from the Arrhenius law arise from lat-
tice tunneling.

Our calculations show that vLo is an appropriate
parameter in the adopted one-frequency oscillator

model for the F* ionization. This is in agreement
with the polaron theories that assume that the
electron is most strongly coupled to the nonlocal-
ized LO modes of the crystal lattice.

The best fit for the reorganization energy
E„=0.73 eV is some 50% higher than the one
computed from KI data for the optical ionization

energy of F* which is closely related to E„.
Nevertheless, this seems to be a reasonable value,
being of the expected order of magnitude for KC1.
With the use of the value E,=0.73 eV from (8"')
the separation between the equilibrium positions of
F' and F+ is found to be xo ——0.68 A.

The best adjusted values of the resonance energy

V~ q
——0.01—0.03 eV should be considered as effec-

tive ones, since the electron transfer actually does
not occur between two fixed centers, as presumed
in the physical model, but rather from a fixed
donor (F') to a virtual acceptor (polaron) situated
on a sphere with an effective radius R,ff.

Nevertheless, an independent theoretical estima-
tion, based on a simple one-dimensional two-site
tunneling model for the electron transfer, yields
"average" values for V& q that agree surprisingly
well with those found from the fitting to experi-
ment. The details of these calculations are given in
the Appendix. There it is shown that the above
values of V~ & (0.01 —0.03 eV) correspond to an
average tunneling distance R, within the range
10—25 A and an average donor-acceptor separa-
tion R that varies from 55 to 180 A. These esti-
mates for R, and R seen to be quite reasonable
from the physical point of view.

From the above-mentioned calculations it is seen
that the'F* electron in KC1 should tunnel over a
mean distance that is somewhat larger than two
lattice spacings (2X6.294 A=12.588 A) to become
bound into a polaron state. The center of the po-
laron is about 12 lattice spacings apart from the
ion vacancy, but even at such a large distance the
electron motion may be considerably affected by
the vacancy.

With the parameter values given in Fig. 3 the
electron transition probability 8'„as calculated by
Eq. (9), is found to be W, =0.03 —0.3, which cor-
responds to the intermediate range between the
limits W, =1 and W, « 1 of adiabatic and nonadi-
abatic transitions.

Using the values V~~ ——0.019 eV and E,=0.73,
0.75, and 0.90 eV in Eq. (10) the barrier height for
lattice reorganization is found to be Eb ——0.16 eV

(Q =0},Es ——0. 18 eV (Q = —h v}, and Es =0.19 eV

(Q =hv). In all three cases the transition of the
electron-lattice system in the temperature range
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100—150 K occurs with the highest probability
from the fifth vibrational level n

~

——5 or n2 ——5

(Q = —hv) of the initial state, which corresponds
to an apparent activation energy E, =0.15 eV, in
excellent agreement with that obtained from the
Arrhenius r; ' vs 1/T plot for KC1.

As discussed above, no choice between the three
possibilities Q =0, Q &0, and Q &0 is possible for
the time being because of the lack of any sufficient
experimental information. Despite this fact it may
be concluded that the lattice-tunneling theory pro-
vides a reasonable explanation of the available ex-

perimental data on the F*-center ionization in the
low-temperature range.

An important question arises as to the tempera-
ture dependence of the process that is the reverse
of the F ionization. The trapping coefficient y
of a free polaron by an empty anion vacancy has
been discussed by Pekar. One of the implications
of the present model is that the rate'at which a po-
laron having already met the vacancy should go
into a bound F* state will be determined by
ki z(T) if the F ionization is described by kz i(T),
and vice versa. Accordingly, the temperature
dependence of the binding rate will be given by one
of the curves in Fig. 3. In particular, there will be
a residual binding rate at the lowest temperatures
if Q )0. At not too low a temperature the binding
rate will be high, and the overall trapping coeffi-
cient will be determined by the probability of po-
laron collision with the vacancy. However, as the
temperature is lowered the binding probability will

gradually decrease, and binding may become the
rate-determining process. Such a trend seems to be
displayed by the y~ vs T plot s for KBr below 50
K down to 24 K, where a deviation from the col-
lision coefficient is observed in the direction
predicted by the lattice-tunneling theory. Clearly,
more experimental data are needed before any
definite conclusions are reached that may turn out
to be crucial in checking the validity of the present
model.

APPENDIX: ESTIMATION OF THE
RESONANCE ENERGY V)2

Assuming a symmetric one-dimensional double
well (Fig. 4) to describe the electron potential ener-

gy in a donor-acceptor (DA) pair at a separation R,
the quasiclassical expression for the resonance en-

ergy is

fuo, (R )
Vi2= e

(A 1)02
~(R)=(2m/g2)'~i f [U(r,R) E, )' dr, —

r—
) 0

Qp

I

I

Rt
I

I

I

I

I

I

I

R I

FIG. 4. One-dimensional diagram for electron tun-

neling between two symmetric potential wells, at a fixed
DA-pair separation R. r—electron coordinate; U(r)—
electron potential energy; U,„—maximum of the poten-
tial barrier; E,—total electron energy; a &,a2, a &,a2-
classical turning points; R, =a2 —a&—tunneling distance.

where

co, (R)=n/8, (R),
(Al')

8, ( R)=( 2m)'~ f, [E,—U(r)] '~ dr .
a&

co, is the frequency of the electron motion within
the potential well 1 or 2, E, is the total electron
energy, r is the electron coordinate, a

&
and a ~ are

the classical turning points in well 1, while a2 and

a2 are those in well 2, and m is the (effective) elec-
tron mass. Note that generally both o: and co, de-

pend on R.
In Fig. 4 U(r) represents the electron potential

energy at a fixed lattice configuration correspond-
ing to the transition state x =x, (g=g, ) in the CC
diagram (Fig. 2) at which the total electron ener-

gies in wells 1 and 2 are the same. It can be ex-
pected that a Coulomb double well will be a good
approximation to the electron potential energy of a
F*-polaron DA pair as long as not only the po-
laron but also the F* electron potential is largely
Coulomb above the RES energy level, as assumed
in the semicontinuous approach to the F center. '

However, at the transition lattice configuration
(x =x, ) both potentials differ from the correspond-
ing ones at the equilibrium lattice configurations
(x =0 and x =xo).

The actual potential distribution about the DA
pair has an axial space symmetry; however, the
electron tunneling occurs with the highest probabil-
ity along the symmetry axis, i.e., the line r con-
necting the DA pair. Consequently, in an approxi-
mate treatment, the three-dimensional tunneling
problem can be reduced to a one-dimensional prob-
lem.
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where e is the dielectric constant of the crystal.
This expression takes into account the influence of
well 2 on the electron motion in well 1 and vice

uersa U(. r) has a maximum

U,„=4E, (p/R ), p = e /e—E,

at r =R/2. The electron transition from well 1 to
well 2 will occur by tunneling if F., & U,„,which
corresponds to R g4p. Under this condition the
classical turning points a] and a2 are defined by

a, ~ = —,R [1+(1 4p/R)—]'~

so that the exponent a(R) in (Al) becomes

a(R)=(2m/h' )' f [U(r) E,]'~ dr—
1

Q~

=c [(r —a) )(ap r)/r(R —r)]'~ dr-
Ql

or making the substitution 5 =r ——,R

~n s' —( —,R, )'
a(R)=2cf, ds

0 [s2 (
~

R )2]1/2

(A4)

(AS)

where

c =(—2mE, /fi )' (A6)

R, =a~ —a )
——R [1—(4p/R)]'~

is the tunneling distance.
The integral in (AS) can be evaluated by a

transformation, giving

a(R) =c [RE(k)—4pE(k)]

=4cp —E(k)E(k)
1 —k

where IC (k) and E(k) are the complete elliptic in-

tegrals of first and second kind, respectively, with
a modulus

The electron potential energy in a symmetric
Coulomb double well is given by

U(r)= —(e /e)R/r(R r)—(0 &r &R), (A2)

U(r)—:U, (r)= (e —/e)/r (r &R/2)

U(r)=U~(r)= —(e /e)/(R r) —(r )R/2) .

1

Then U(r) has a maximum value at r = —,R given

by

U~ =2E,(p/R), p= e le—E, . (A9)

An evaluation of the exponent a(R) in (Al) with
the potential (A8) is possible by numerical integra-
tion.

The actual situation in a DA pair in which the
donor is an excited E center and the acceptor is a
polaron corresponds to an asymmetric electron po-
tential that has an intermediate course between the
symmetric potentials (A2) and (A8). Indeed, if the
electron is initially in the F center (well 1), its po-
tential energy is described by the undisturbed
Coulomb potential U~(r), while after the electron
transfer to the polaron center and the creation of
well 2 the corresponding Coulomb potential Uz(r)
is perturbed by the ion vacancy (well 1). However,
in a steady state, in which a rapid electron oscilla-
tion between the two wells occurs, a perturbation
of well 1 (E* state) due to the existence of well 2
(polaron state) will lead to a self-consistent poten-
tial that conserves the initial asymmetry. This is
because well 1 is influenced only by the polariza-
tion around the polaron center while well 2 is af-
fected by both the ion vacancy and the polarization
around the E center. In any case, the real electron
potential of the F'-polaron DA pair at x =x, will

be an intermediate one between the potentials (A2)
and (A8). Therefore, calculations with these poten-
tials will give a lower and an upper limit of the ex-
ponent a(R) in (Al) and the tunneling distance
Rg =Q2 —Q).

The preexponential factor in (Al) can be eval-

uated in a closed form by (Al') for an isolated
Coulomb center, i.e., for the situation in which the
electron motion in the excited F center is governed

by the unperturbed potential U&(r) in Eq. (A8),
hence co, is independent of the DA separation R.
Then one obtains

k =R, /R =[1 (4p/R)]'~~, — (A7')
2

—1/2

0, =(2m)'i f E, —— dr
P 6'P'

which repiesents the tunneling distance in units of
the DA-pair separation R.

If the influence of well 2 on the electron motion
in well 1 and vice versa is neglected, then in lieu of
Eq. (A2) the electron potential energy will be
represented by

—1/2

+ f E, +— dr
er

(A10)

where p is defined by (A3), or introducing t =r/p
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' 1/2
1

8, =2Pp I dt =~Pp,

where P=( 2m—/E, )'i . From (Al') and (All)

(A 1 1)

to, =n/8, .=1/Pp=(eE, /2tne )
i (A12)

For the double-well potential (A2} co, can be es-

timated on the basis of (Al') by numerical integra-
tion. It should be noted that the value of co, is
only slightly dependent on the potential form and
the electron energy.

The total electron energy E, of an isolated F
center can be computed from the formula

me /2/ pn (A13)

for the hydrogen-atom model of the F center
(with n =2 for the first excited state F*). This
formula implies a static polarization corresponding
to the equilibrium lattice configuration (x =0).
However, in the transition configuration (x =x, )

E, is increased by an amount E,' =E,+ Vi 2 where

E, is given by Eq. (10). On the other hand, the de-

formation of the F'-potential well due to the influ-
ence of the polaron center leads to a decrease of E,
however, the extent of compensation of both ef-
fects is difficult to estimate. In any case, E, +E,'
is obviously an upper limit for the electron energy

E„while E, + Um»(E, ), with U,„given by Eq.
(A3) for E, =E, is a lower limit for E,.

Inserting the values ' e=e =2.19, m =0.5m„
n =2 in Eq. (A13) one obtains E, = —0.35 eV, and
from Eq. (13) the corresponding value for U,„ is
found to be —0.335 eV. For E,' =E, use can be
made of the estimates based on the fitting parame-
ters (E„,Q), which yields E,' =0.18—0.20 eV.
Thus we conclude that E, is within the range be-

tween —0.15 and —0.70 eV. Therefore calcula-
tions were performed for three energy values in

this range: —0.15, —0.35, and —0.50 eV.
The electron tunneling distance R, depends

strongly on the DA-pair separation R. With de-

creasing R both the maximum U,„ofthe electron
potential (A2) and the energy level E, in the poten-
tial wells decrease. A lower limit of the average
value R, of R, can be found if only the R depen-
dence of U,„given by Eq. (A3) is taken into ac-
count at a constant value E, =E," corresponding
to infinite DA separation (R = 00). Indeed, the ac-
tual electron energy level at any finite value of R is
lower than E„hence the actual tunneling distance
is larger than that at E,. Since E,"=U,„or
R, =0 at R =4p [see Eq. (A6)], the lower limit of
R, is defined by

R, RP, R R

J P (R)dR

where R, (R) is given by Eq. (A6) and P, (R) is the
tunneling probability for which the quasiclassical
WKB expression

(A14)

P (R) e
—2a(R) (A15)

TABLE I. Electron tunneling parameters: E„total
electron energy; ~, electron frequency; R„average tun-

neling distance, R, average DA separation; Vi &(R ),
"average" resonance energy.

E, (eV) oi, R, (A) R (A) Vi2(R) (eV)

—0.150
—0.350
—0.500

4. 1X 10'
2.7X 10'4

2.2X10"

25
14
10

179
78
54

0.005
0.019
0.032

may be used with a(R) given by (A5). From Eqs.
(A14) and (A15) one obtains

I' exp[ —2a(k)]k dk
0 (1 k )

R, =4p ' exp[ —2a(k)]k
dk

(1—k )

where the integration variable R is replaced by k
by means of Eq. (A7'). The integrals in (A16) can
be evaluated numeri. cally.

From (A6) the average DA-pair separation is
found to be

2 1/2 '

R =2p ' 1+ 1+ ', (A17)
2D

where R, is given by (A16). Inserting the value of
R in Eq. (Al), one finds a(R ), and using Eq.
(A12) for co„one obtains an "average" value

V& 2(R ) of the resonance energy for a fixed electron

energy E,.
All approximations involved in the above treat-

ment give a lower limit for the values of R, and R,
which corresponds to an upper limit for the value

of V| 2(R ). The numerical results of our calcula-
tions are presented in Table I. It is seen that a
variation of the electron energy E, in the wide

range considered between —0.15 and —0.50 eV
does not affect the order of magnitude of the aver-

age tunneling distance R, and the "average" reso-
nance energy V& z(R ). It is very satisfying that the
values of Vi 2(R } thus calculated agree well with
the fitting values given in the text, which range be-

tween 0.01 and 0.03 eV. The corresponding values

for R, and R seem also to be quite reasonable.
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