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Self-consistent calculations and experimental evidence indicating that self-trapped excitons in al-

kali halides relax spontaneously to an off-center configuration are examined in relation to radiation-

induced lattice defect formation. The theoretical results show that the shift of the diatomic halogen

core in relaxation of the self-trapped exciton {STE)from D21, to C2 point-group symmetry is quite

large {e.g., about 4 a.u. in KC1). The clear implication is that the STE triplet state which is respon-

sible for the well-known m-polarized recombination luminescence is effectively a nearest-neighbor
F-8 pair, analogous in many ways to the I -8 pair configuration which is known to constitute the
STE luminescent state in alkaline-earth-metal fluorides. From this new perspective, in which con-

version of an STE to an E-8 pair reduces to conversion of a nearest-neighbor E-8 pair to a more
distant I -8 pair, a number of formerly puzzling aspects of photochemical E-center generation can
be rationalized quite simply.

I. INTRODUCTION

A. Self-trapped excitons

Since its discovery'z in 1964, the self-trapped exciton
in alkali halides has been regarded essentially as an elec-
tron bound to a V» center. The V» center, or self-
trapped hole, is a covalently bonded diatomic halogen
molecular ion which is formed immediately upon pho-
taionization of a halide ion, i.e., upon generation of a hole
in the valence band of an alkali halide. The V» center is
stable at law temperature in a crystal with electron traps
and is furthermore paramagnetic, so that its structure has
been determined quite accurately by electron paramagnet-
ic resonance (EPR) (Ref. 3) and by electron-nuclear double
resonance (ENDOR) (Ref. 4). The bonded halide ions in
the V» center occupy equivalent sites lying along a [110]
crystal axis, and the pair is centered on the midpoint be-
tween two nearest-neighbor halide sites, having point sym-
metry D2I, .

When an electron recombines with a self-trapped hole
via states of the self-trapped excitan (STE), the resulting
luminescence is polarized (o and/or tr bands) with respect
to the V» symmetry axis. '2 The fact that the dipole mo-
ment of recombination luminescence is correlated with the
arientation of the V» center before recombination provid-
ed the first experimental basis for the conventional model
of a STE as an electron trapped at a V» center. It has
been Ixissible to analyze lifetimes, magneto-optical
data, ' excited-state EPR, ' and much of the excited-

state absorption spectroscopy"'2 an the basis of the "on-
center" V»+e model. for the STE.

The spectra of excited-state absarption originating in
the e-luminescent STE triplet state exhibit transitions of
the hole within the self-trapped exciton; these lie roughly
between the V» band and the H band. " ' {An H center
is a bonded diatomic halogen molecular ion situated as a
split interstitial on a halide-ion site and oriented along
[110] in alkali halides. 'e) The excited-state absorption
spectra also exhibit a sequence of transitions of the elec-
tron bound to the self-trapped hole. The spectrum of
electron transitions seemed at first to fit qualitatively an
"M-center model, " wherein the bound electron experi-
ences a pair of attractive centers symmetrically located
along a [110] axis and has Dqh site symmetry. ' Such a
model predicts that the o-polarized absorption transition
fram the lowest ais electron orbital to the first b3„orbital
will be the lowest energy transition. Theoretical calcula-
tions of STE electronic structure, taking the self-trapped
hole to have the fixed configuration of the V» center, con-
sistently predicted that the ais-b3„ transition should occur
at much lower energy than any of the observed transi-
tians. ' ' Calculated energies for this transition in NaC1
ranged from 0.7 to 1.1 eV, corn.pared to 2 eV for the
lowest observed transition. A careful search in NaC1 veri-
fied (with a detection limit of 2% of the predicted oscilla-
tor strength) that no transition of the STE exists between
0.1 and 2 eV.' Furthermore, when pulsed laser bleaching
was used to determine the polarization of the lowest ab-
sorption transition, it was found to be m polarized, ' ' in
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contrast to the M-center model. Subsequent more de-
tailed measurements have shown the typical ordering of
excited-electron orbitals of the STE to be bi„, bi„, and

bi„, in order of ascending energy.
Excited-state EPR has ban performed on STE triplet

states by optical detection methods. ' The data exhibit a
seven-line hyperfine pattern (for halogen nuclear spin —,')
similar to that of a V» center ' ' or H center. ' The
widths of the hyperfine components are significantly
broiider than for the V» center or H center, due mainly to
the interaction of the STE electron with surrounding nu-
clei. Significantly, in all cases the investigators remarked
on how similar the hyperfine linewidths of the STE are to
those of the F center. The seven-line patman suggests that
the hole in the STE interacts with two equivalent halogen
nuclei, but the breadth of the EPR hyperfine components
does not permit a distinction between exact equivalence
and small inequivalence of the halogen nuclear sites solely
on this basis.

The first direct experimental indication that the STE
may not simply be an electron bound to a V» center came
from optical ENDOR studies in KCl.i2 It was found that
the ENDOR spectra representing interaction of the STE
electron with neighboring nuclei give contact interactions
very similar to those of the F center, indicating a similar
extent of the wave functions. Furthermore, a faur-line
ENDOR pattern interpreted in terms of two different
quadrupole splittings for the central chlorine nuclei is a
strong indication that the STE is displaced from the cen-
trosymmetric site (D~) to an off-center position in the
lattice (C2, symmetry).

Following the experimental indication by ENDOR of
an off-center STE, Leung and Song+ employed the model
of Toyozawa24 to show that off-center displacement of the
STE is indeed rather likely in KCl, and its displacement
was estimated to be about 0.5 a.u. Subsequent calcula-
tions by Leung, Brunet, and Song (LBS) in which the elec-
tron state and the lattice relaxation were detimnined
simultaneously predicted that the off-center STE
should be quite general among the alkali halides, and that
the amount of off-center relaxation might be large, in the
neighborhood af 3 a.u. (about 1.6 A). Still more ro;ent
calculations to be discussed in this paper indicate an off-
center relaxation of about 4 a.u. in KC1, which corre-
sponds to displacement of the Cli molecular ion to an
H-center site. Much better agreement with the energies of
excited-electron transitions of the STE were obtained for
the off-center configuration.

It seems fair to say, that whereas the V»+e model of
the on-center STE can reasonably aix:aunt for the polari-
zation and lifetime of luminescence and for the optically
detected EPR spectrum, calculations based on that model
have failed to properly reproduce the excited-state elec-
tron transition energies within the STE. The simple
V»+e model fails to account for the inequivalent nu-

clear quadrupole splittings observed by ENDOR. Furth-
ermore, the contact interaction mth neighboring nuclei
for the STE in KC1 as calculated by a pseudopotential
technique assuming the on-center V»+e model' fails
to reproduce the values found by ENDOR.

The off-center STE can account for the observed polari-

zation of recombination luminescence if its off-center
motion is along [110],preserving the axis of the diatomic
halogen molecular ion which is the core of the STE. The
STE triplet luminescence lifetimes depend principally on
the halogen spin-orbit coupling ' and should be relatively
insensitive to an axial shift of the halogen molecular ion.
After providing additional background in this paper, we
will discuss how optically detected EPR of the STE may
indicate nearly equivalent halogen nuclei despite a large
off-center relaxation of the pair. In summary, we believe
that all existing data on the STE are consistent with a
lower point symmetry than Dis. Conversely, assumption
of Dzs symmetry for the STE leads to serious difficulty
with theoretical calculation of STE excited-electron states,
and it contradicts the existing optical ENDOR data for
KC1.

S. F-H pair formation

Hall et al. first noted that ultraviolet light in the exci-
ton absorptian bands of an alkali halide crystal is suffi-
cient to produce F center. Furthermore, in certain al-
kaH halides the temperature dependence of the F-center-
formation yield was found to be anticorrelated with the
STE ir luminescence. i9 It was therefore proposed that
F centers are formed by nonradiative decay of self-

trapped excitons. ' Subsequent work has continued to
support this basic hypothesis, although the uey in which
nonradiative STE decay leads to F-center generation has
remained a topic of active interest and diverse opinion (re-
viewed in Refs. 31 snd 32).

Time-resolved spectroscopy has shown that the primary
(first-formed} defects are F centers and H centers, created
as pairs. ' s The pairs will be labeled by F-H separation
as nearest-neighbor [(F-8)NN], next-nearest-neighbor
[(F-H}NNN], etc.s Close-neighbor F-H pairs appear to be
unstable against mutual annihilation, with lifetimes as
short as tens of picoseconds at room temperature. It has
now been reasonably well established that the anticorrela-
tion of the temperature-dependent yield of F centers and
of STE n luminescence is a consequence of diffusive
tratisport of a halogen atom among potential minima on
the lowest excited adiabatic potential surface, which is
common to the STE n-luminescent state and the F-H
pair. It has been shown by LBS that the equilibrium
configuration of the self-trapped exciton at low tempera-
ture in many alkali halides is probably very close ta that
of a nearest-neighbor F-8 pair. It is already well known
that STE luminescence in alkaline-earth fluorides is emit-
ted from a nearest-neighbor F-8 pair that farms spon-
taneously when an electron and self-trapped hole come to-
gether, rather than from a V» center plus electron; ' ' the
latter relaxes spontaneously and quickly into the farmer.
%'e propose that a similar sequence occurs in alkali
halides. The main difference is that relaxation from
V»+e to (F-8)NN in CaFz involves a rotation of the
symmetry axis of the diatomic fluorine molecular ion
from [100] to [111]making it easy to observe. The corre-
sponding relaxatian in alkali halides is simply a transla-
tion along [110];the latter presents a more subtle problem
for detection.
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At sufficiently high temperature, all alkali halides that
have betm investigated exhibit thermally activated pri-
mary F-center formation. In most cases it proceeds
with an activation energy roughly comparable to that for
H-center migration, suggesting the importance of dif-
fusive transport of the halogen interstitial on the lowest
STE/EH adiabatic potential surface. On the other
hand, certain crystals, including KCl, KBr, and RbBr,
also exhibit a nonvanishing F-H pair farmation yield (up
to about 15%) at temperatures as low as 4 K. At such
temperatures, diffusive transport of halogen atoms in
thermal equilibrium with the lattice cannat be important.
Furthermore, the low-temperature process of F-center for-
mation is very fast, ' and the H center appears to
preserve the orientation of the self-trapped exciton. ~
Halogen atoms are ejected from the crystal surface with
nonthermal energies (about 1 eV) by the low-temperature
defect-farmation process, but only with thermal energy
( & 0.025 eV) by the temperature-dependent process. In
crystals such as KI, RbI, and NaBr, only the
temperature-deptmdent defect-formation process is ob-
served. It is only in these crystals that anticorrelation of
F-center yield with STE luminescence yield and lifetime '
is observed. ' Finally, it has been observed that when a
laser pulse excites self-trapped excitons which have re-
laxed to the lowest (n-luminescent) state at low tempera-
ture, there occurs an enhancement of the low-temperature
F-center-formation yield. 's'4s'~

Collectively, the above data siam to suggest two dis-
tinct mechanisms of defect formation: one of which is
thermally activated and occurs universally in the alkali
halides at elevated temperature, the other being effective
in certain crystals at low temperature and apparently
deriving energy for ejection of the halogen atom from ex-
cited states of the STE. We believe that these two ap-
parently distinct chatmels of defect production can be
given a unified account in a simple picture. One purpose
of the present paper is to describe the adiabatic potential
surfaces which can account for both defect production
channels.

II. THEORETICAL METHOD AND RESULTS

This paper is less a presentatian of new theoretical re-
sults than an examination of the implications for defect
formation of recent calculations on STE structure (I.BS,
Refs. 25 and 26). Using those results, we can now under-
stand the nearly universal close correspondence of the en-
ergy minima for STE and Ii-H pair configurations and
the surprisingly small barrier against halogen diffusion
out of the STE, which are required by the model of
thermally activated F-center formation discussed in Refs.
35—39. The off-center relaxation of the lowest STE level
also suggests a mechanism that can channel excited-state
energy into translational acceleration of a halogen pair at
low temperature. First we will give a brief overview of
the computational methods employed to examine STE
electronic structure in alkali chlorides and potassium
halides. Then we will describe the results which have
particular relevance to defect formation.

The electronic energy of the STE was studied within

the framework of the one-electron Hartree-Fock approxi-
mation (extended-ion model), using the hybrid method
developed by Song et al. 5' The various terms (including
exchange) for the outer shells were treated explicitly, us-
ing a set of interpolation formulas, while the deep cores
were represented by the first two orders of the ion-size pa-
rameters. The required wave functions for the Vx
center were taken from the work of Gilbert and Wahl. 3

A basis of floating ls Gaussians was used to represent the
excited electron. 5' Because it turns out that the electron
wave function distorts substantially between the two sym-
metries D2t, and C2„, from S to 14 of the flaating Gauss-
ians were required for adequate representation.

In the most recent work, the Vx molecular ion core and
39 neighboring ions are allowed to displace. The total en-
ergy of the system for a given lattice configuration I Rt ]
1S

E„,({R j}=E„({R)}+E„„;({RJ]),
where Eh,«,~ is the sum of the Coulomb and (Born-
Mayer) repulsive energies of the lattice and E,i is the
lowest eigenvalue of the electron Hamiltonian. For each

{RJ I obtained by a small trial displacement of ane of the
ions, the secular determinant was solved. When the total
energy converged to within 0.003 eV, the process was
stopped and the equilibrium configuration was assumed to
have been reached. The electronic polarization energy
was added at the end of the minimization using the
Mott-l. ittleton method in the lowest order. Since the sys-
tem is electrically neutral, it is felt that this is an accept-
able approximation. The above method was applied to
determine the equilibrium configuration af the STE in
NaC1, KC1, RbC1, KBr, and KI. 5' In each case it was
found that at equilibrium the STE is situated off center
along the molecular axis of the Vx center, corresponding
to a lowering of symmetry from Dit, to C3„. The neigh-
boring ions are also found to move appreciably toward a
distorted configuration. In terms of the local modes ap-
propriate to the symmetry of the Vx center, the new lat-
tice configuration is a superposition of the a is (breathing)
mode and the b3„mode. The first mode corresponds to
the stretching motion of the molecule as well as to the
breathing motion of the first cation shell. The second
mode corresponds to the axial translation of the molecule
as well as to the parity-breaking distortion of the cations
surrounding the molecule. These two modes correspond,
respectively, to the Qi and Q2 modes introduced in earlier
works on the adiabatic instability of the STE in alkali
halides

Specifying the low-lying states of the STE in the format
of (hole orbital, electron orbital), we have for D3t, symme-
try, in order of increasing energy, (b3 Qis), (b3 b3 ),
{b3l,b2„), and (b3„,bi„) We will confi.ne our attention to
states involving the b3„hole orbital, and therefore indi-
cate only the electron orbital in the discussion to follow.

The curves in Fig. 1 show the calculated total energy
(lattice and electronic) for STE states in KC1 which are la-
beled by the excited electron orbital appropriate to D2q
symmetry: a &, b &„, b2„, and b3„. These curves are based
on calculations by Song, Adair, and Leung. The abscis-
sa is a measure of the axial shift, alang [110],of the bond-



33 OFF-CENTER SELF-TRAPPED EXCH'ONS AND CREATION OF. . . 7235

IQ-

b,„,4u
9-b ~

Z.' Qg

AXIAL SHIFT
1 I 1 I I 1

FH

(o.U.)

FIG. 1. Total energy (sum of the defect electron energy and
the change of the lattice energy relative to the perfect lattice)
versus the translational coordinate R~ of the STE in states
designated by the electron orbital in D~ symmetry: a~~, b3„,
b~„, and b2„. The curves are based on calculated results of
Song, Adair, and Leung (Ref. 54) for KC1, in which 41 ions
were allowed to move as the energy was minimized. The
minimum of the a ~ curve at the coordinate Ep~ =4 a.u. corre-
sponds to the equilibrium STE configuration from which ~
luminescence is emitted. This configuration closely resembles a
nearest-neighbor F-8 pair. In the 1ower part of the figure, pic-
torial representations of lattice configurations for the "on-
center" and "off-center" STE are shown, viewed in a (001) plane
having its [110]axis horizontal. The cire1es are drawn to scale
representing the Pauling ionic radii of the ions and their posi-
tions are given by the calculation.

ed Clz molecular ion. Although we focus here on the
motion of the Clz in defining the abscissa of the plot,
motions of the 39 other ions which were allowed to move
are included implicitly since the clergy was minimized at
~~h stage. The measure of axial shift used here is Rs~,
given in atomic units (1 a.u. =0.529 A). Rz& is zero when
the Clz is located symmetrically about the midpoint of
the initial Cl -ion position, as illustrated in the diagram
at the lower left of Fig. 1. This is the configuration ap-
propriate to the on-center STE or Vx+e . As axial re-
laxation progresses, Rzji describes the distance from the
center of the Clz in the initial V» configuration to the
center of the shifted Clz . Thus, Ezzz approximates the
separation of the developing F center and H center. Ac-
companying this shift in position, the energy of the state
labeled a&s falls by H~ost 1.5 eV relative to its energy at
RsH ——0. Thus, the on-center STE in its lowest electronic
state is unstable against a shift to nonzero Rs~. The cal-
culations of Ref. 54 represimted here show that the relaxa-

tion proceeds until an energy minimum is reached for
Rs~ ——4 a.u. (The equilibrium value of RzH in KC1 was
found to be 3 a.u. in Ref. 25, where only 12 ions were al-
lowed to move. )

The ion positions corresponding to the Iuminescent
STE state, or minimum of the ais energy surface at
Rsz ——4 a.u., are diagrammed in the lower right of Fig. 1.
The calculated ion positions are plotted, using the Pauling
ionic radii for K+ and Cl to represent ion size. It is
clear that the equilibrious configuration of the STE found
by these calculations is an H center adjacent to an F
center. If the displacement is indeed 4 a.u., then the "H
center" has already passed the presumably largest
hurdl- repulsion by the central cation pair —while still
in the e-luminescent STE configuration. It was the
simultaneous treatment of relaxation of the excited elec-
tron and the lattice ions in the energy minimization pro-
cess which allowed the cation repulsive barrier to be over-
come so readily. zs'M'~

This is in contrast to an earlier calculation" in which
the lattice relaxation was computed independently of the
excited electron, after which the CNDO method was em-

ployed to include the excited electron in evaluating total
energy in the presence of the previously determined lattice
distortion. This approach afforded no opportunity for in
teraction of the excited electron with the Clz halogen
core and surrounding ions to affect the relaxation. We
have seen that the instability induced by this interaction is
in fact crucial. It is therefore not surprising that the cal-
culation in Ref. 55 yielded quite different conclusions
about the energy needed to move from the on-center to
the off-center [(F-H )NN] configuration.

We have discussed the spontaneous distortion in terms
of an ~anabatic instability brought on by mixing and con-
sequent level repulsion of ais and bi„as the symmetry is
lowered. Another way of looking at the energy balance is
in teims of removing the halogen-atom core and its asso-
ciated repulsive pseudopotential from the developing site
of an F center. Cli is not an attractive center for an
electron in free space. In the crystal, an electron is at-
tracted to the site of the Clz via the Madelung potential,
not to the Clz itself. In fact, the halogen core states
comprise a net repulsive pseudopotential fax an excited
electron attempting to occupy an F-center-like wave func-
tion centered on the site of one or the other of the halo-
gens bonded in the STE. The electron wave function on
the nascent F center can achieve a substantially lower en-

ergy if it does not need to be orthogonalized to a halogen
core near the center of the developing vacancy. If the
electronic energy can be lowered enough by expulsion of
the halogen to offset the increase in lattice strain energy,
then the halogen will be spontaneously pushed out some
distance. Self-trapped exciton luminescence would then
occur from this relaxed configuration resembling a
nearest-neighbor F-H pair, as observed in the alkaline-
earth fluorides. ' ' The calculations of LBS (Refs. 25,
26, and 56) have shown that the energy balance favors ex-
pulsion of a halogen. Both the theoretical 6 and experi-
mental~' ' evidence for this is especially clear for the
Hk~ml'ne-earth fluorides. We should remark that the situa-
tion described here is very close to that which occurs for
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self-trapped excitons and electron "bubbles" in condensed
rare gases. '

As noted earlier, optically detected EPR showed that
the two halogen nuclei comprising the core of the STE
have nearly equal hole density, as evidenced by the Vx-
like (or H l-ike) hyperfine pattern. This observation is
consistent with a nearest-neighbor E-8 pair in which the
F-center electron is localized on the vacancy at one end of
the H center. The trapped electron restores one negative
charge to the vacancy so that each anion site surrounding
the H center has an equivalent charge .If the halogen dis-
placement were only partway to the (F-8)NN configura-
tion, the electron could not fully occupy the developing E
center and the self-trapped hole would then be subject to
distinct lack of mirror symmetry in the charge distribu-
tion, in contradiction to the EPR results. The existence of
the EPR data requires that the off-center STE relaxation
be either very large (about 4 a.u., close to an F-H pair) or
very small.

We can be somewhat more quantitative about this. The
calculations of Song, Adair, and Leungs have shown that
the sum of the distorted-lattice Madelung potential and
the potential due to the trapped electron differs by no
more than about 0.1 eV at the two central halogen sites in
the off-center STE, when evaluated for the full 4-a.u.
equilibrium displacement calculated in KCl. Correspond-
ing to this potential difference between the two sites, we
find hole occupation probabilities of 48%%uo and 52Fo,
respectively, on the two halogen sites. This would split
the central peak of the Clq hyperfine pattern into four
subpeaks spanning about 24% of the separation between
adjacent main-peak envelopes. Likewise, the adjacent
main peaks would be split into three subpeaks spanning
18% of the main-peak separation, etc. But in the reported
optical EPR data for the STE in KC1, each of the seven
hyperfine peaks has a width of 40 to 50% of the separa-
tion between adjacent peaks. Hence, the expected splitting
of hyperfine components would not be resolvable against
the broadening which has already occurred due to interac-
tions of the E-center-like electron with surrounding nu-
clei. Support for this hypothesis is given by the failure to
observe hyperfine splitting due to the naturally occurring
isotopes 3'Cl (75% abundant) and 37Cl (25% abundant).
These isotopes differ in nuclear moment, and hence in hy-
perfine constant, by 20%. By inference, then, a hole im-
balance as large as 20% of the mean occupation on the
two chlorine nuclei might not be detected in the hyperfine
pattern.

III. DISCUSSION

A. Thermally activated E-center formation

We have noted that, in addition to the low-temperature
procais of F-center formation exhibited by some of the al-
kali halides, there is a thermally activated process which
is apparently universal in the alkali halides at sufficiently
high temperature. Furthermore, the activation ener-

gy is often found to be comparable to the activation ener-

gy for H-center diffusion. z It has bren proposed that
thermally activated E-center formation process by dif-

fusion of a halogen atom out of the STE in its lowest (n-
lurninescent) state . This diffusive motion of the halo-
gen can also convert an I'-H pair back into a STE. I"

centers would be formed in competition with radiative de-

cay (e.g., in KI) or nonradiative decay (e.g., in KC1) of the
STE during those periods when the halogen passes
through the F center during its motions on the ais/EH
potential surface. This competition is believed to be the
origin of the anticorrelation of E-center yield and STE
luminescence observed by Pooley and co-worker s'29 and
of the high-temperature stage of thermally activated pri
mary E-center formation observed in KC1 and other crys-
tals. 2 The process favors E-center formation at high
temperature because there are more ways (sites available)
for the halogen interstitial to inove away from the vacan-

cy than toward it.
As noted in Ref. 36, the model of thermally activated

E-center formation by halogen diffusion out of the STE
requires two conditions: (1) the barriers to halogen extrac-
tion from the STE should be small, of the order of H-
center migration energies, and {2) it must be almost
universally true in the alkali halides that the lowest STE
state and the nearest-neighbor F-H pair have about the
same energy. The latter condition is necessary to allow
the reversible conversion STE~FH which is necessary to
account for experiments on E-H recombination and to
reproduce the observed anticorrelation of F-center yield
and STE luminescence lifetime, as discussed in Refs. 36
and 37. At the time this model was proposed, the two
conditions above seemed to require a great deal of coin-
cidence in the relative location of STE and F-H pair ener-

gy levels. Furthermore, the conditions seemed to be in-

consistent with the large barrier against halogen extrac-
tion from the lowest STE state which had been found by a
CNDO calculation5s and which was conventionally ex-

pected on the basis of repulsive interaction of the moving
halogen atoms with neighboring pairs of cations.

The importance for F-center forniation of off-center re-

laxation of the STE in its lowest state should now be
clear. The work of LBS has strongly indicated that spon-
taneous relaxation of the a is level of the STE brings it to
a configuration nearly identical to a nearest-neighbor F-H
pair. The two puzzling conditions for E-center formation
by diffusive halogen transport out of the STE are almost
trivially satisfied by a large spontaneous off-center relaxa-
tion. Since the relaxed STE already is an F-H pair in this
model (though unstable against electron-hole recombina-
tion), barriers to further halogen motion should be com-
parable to the H-center migration energy. The "large"
barriers due to repulsive interaction with the central ca-
tion pair and the lattice distortion associated with injec-
tion of the halogen into an interstitial site would have al-
ready been encountered and overcome during spontaneous
relaxation to the m-luminescent STE state. It should no
longer be puzzling that the STE and next-neighboring I-
H pair always lie at nearly the same energy in their lowest
electronic state, because the STE is effectively an F-H
pair in the first place. Specifically, the calculated energies
of {E-8)~(i.e., the STE) and (F-8)NNN are found to be
so close that it cannot be said which lies higher.

Some adjustment of terminology used in the earlier dis-
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cussion of the mechanism35 3 is necessary, since the ear-
lier work assumed an on-center STE, making (E-8)NN the
first step toward defect formation. Now that (F-8)NN is
taken to be the same as the STE, the first step toward de-
fect formation after the relaxation of the STE itself would
presumably be (F-8)NNN. A qualitative sketch of the
lowest STElEH potential surface with a central minimum
at the n-luminescent STE configuration was used by ¹il
liams and co-workers in discussing thermally activated
F-center formation. 3' 37

The corresponding potential surface taking into account
off-center relaxation of the STE should now have a cen-
tral maximum in the ais surface at the on-center (Dzs)
STE configuration, as shown in Fig. 2. The potential
curves in the region of STE and Vx configurations are
based on the calculated curves displayed in Fig. 1.
Whereas Fig. 1 presents the curves as calculated, the ener-

gy scale in Fig. 2 has been adjusted to conform with the
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FIG. 2. (a) The curves of Fig. 1 have been redrawn here over
a broader range of E-H pair separations (R~ or Q2) to exhibit
explicitly the symmetry about 8+~ ——0 and the succession of
shallow potential minima corresponding to increasing separa-
tions of the H center and Scenter. Thus, the full horizontal ex-
tent of Fig. 1 is compressed into the small region from the cen-
tral maximum to either of the adjacent minima labeled STE.
Since the calculated energy intervals represented in Fig. 1 are
somewhat larger than experiment indicates, the energy scale has
been adjusted in Fig. 2 to fit available empirical data. These in-
clude optical-absorption transitions for Kcl as indicated, as well
as the 75-meV barrier for 8-center migration and primlg I'-8
pair formation by thermal activation. In the lower part of the
figure, a pictorial representation of (E-H }NNN is sho~, to be
compared to the lattice configurations for V~+e and for STE
[or (F-H )NN] in Fig. 1.

results of optical-absorption spectroscopy. The abscissa
represents axial [110]displacement of the halogen molec-
ular ion, where zero displacement (0) corresponds to the
Vtt configuration or on-center STE. Since displacement
beyond the nearest-neighbor I'-8 pair configuration cor-
responds to 0-center migration, successive F-8 pair ener-

gy minima are shown separated by barriers of 75 meV, the
measured activation energy for H-center migration and
for F-center formation in KC1.

Self-trapped excitons which have equilibrated at the
off-center potential minima labeled STE may undergo ra-
diative decay to the ground state yielding the familiar m

luminescence of the STE. The H center has already been
formed at this stage, but it is unstable against radiative or
nonradiative recombination as long as there is significant
overlap between the E-center electron and the 8-center
hole. Given sufficient thermal energy, the H center can
migrate farther from the F center and therefore become
more stable. This diffusive motion is of course not uni-
directional and the H center may pass several times
through the luminescent (F-8)NN (STE) configuration.
There is an average outward direction associated with the
halogen diffusion beciiuse of the entropy argument based
on site availability mentioned earlier. At temperatures too
low to allow H-center migration, the nascent F center and
H center are confined together and recombination dom-
inates.

In Fig. 2, only the translational coordinate RFH, closely
related to the odd-parity Q2 mode, is shown. The even-

parity mode Qi is also important, especially in determin-
ing the minimum separation of two potential surfaces and
the rate of nonradiative transition between them. Figure 2
is essentially a slice through Qi-Q2 space. Since the cal-
culated potential (Fig. 1) was obtained by minimizing the
lattice and electronic energy at each step, it is not a
straight slice through Qi-Qi space but follows the com-
bination of Qi and Qi giving minimum energy at each
stage. We may regard the more qualitative curve in Fig. 2
in the same way.

In Fig. 3, we again show the central portion of the Qi-
Qq space, with several slices taken parallel to Q2 to illus-
trate the instability region on the ttis/EH surface. At
each point of the curve along Q2, there is an approximate
parabola in the Qi direction representing the stability
with respect to Q~. The energy minimum with respect to
Qi may shift as relaxation along Q2 progresses. The
higher states, such as b3„, will certainly have a different
equilibrium position along Qi. Thus, the relaxation from
higher states to the ais surface will in general reach the
lower surface at a Qi value removed from the energy
minimum because the nonradiative transition rate is
highest near the closest approach. Furthermore, the Q2
instabihty should be even stet~er there by virtue of
stronger repulsion between the curves upon closer ap-
proach. This is very similar to the earlier discussion by
Toyozawa. However, the present model does not require
that arrival on the lower potential surface high above its
minimum be a, necessary condition for entering the Q2 in-
stability. LBS have shown that the entire Qi potential
curve, including its minimum. , is unstable along the Qi
coordinate. The parabolic Qi potential curve for the on-



%ILLIAMS, SONG, FAUST, AND LEUNG

FIG. 3. Qualitative representation of the lowest STE poten-
tial surface in Qi-Qq coordinate space, in the region from the
central maximum (Q2 ——0) to the STE [(F-8)~] minima. Para-
bolic curves corresponding to shces of the a~ and b3„potential
surfaces along Q~ at Qi ——0 are shown to illustrate the probable
path of nonradiative relaxation from the upper to the lower sur-
face.

center STE with D2i, site symmetry is the ridge of a "sad-
dle'* in Qi-Qi space.

8. E-center formation at low temperature

Figure 2 suggests that as a self-trapped exciton relaxes
through higher levels such as those labeled by the electron
orbitals bi„, b2„, and b3„, it should remain near the con-
figuration with D2s symmetry (on center, V~-like) and
cross onto the air potential surface near R~H ——0. (There
are other possibilities for populating the aig surface, as
suggested by Kabler and Itoh and Saidoh. 6') Since the

ais surface is unstable at R~lr ——0 and possesses about 1

eV excess energy at that point, an STE crossing to the ail
surface near RFz —0will immed—iately experience an ac-
celeration toward larger Rz~, given classically as the re-
ciprocal of its mass times the gradient of the potential. If
this event occurs at the surface, the accelerated halogen
atom can retain most of its 1-eV kinetic energy as it es-
capes from the surface. This is observed. Within the
bulk of the crystal, the coherent motion of a single ener-
getic H center will quickly be partitioned among a num-
ber of vibrational modes, but within roughly the same
time scale, the H center can already have been projected
(via a short replacement sequence) past the (F-H )NNN bar-
rier to a position of relative stability at low temperature.
Thus, we suggest that the energy for low-temperature E-
center formation and separation is derived from stored en-
ergy of a higher electronic state, released and channeled
into unidirectional motion by the adiabatic instability in
Q ]g.

This is similar to several of the excited-state mecha-
nisms which have been proposed previously. An impor-
tant conceptual difference is that here the instability pro-
pels the H center toward the configuration giving m

luminescence, rather than away from it. The momentum

of the halogen atom (H center) c eries it rapidly through
the luminescent STE state to an F-H pair state of larger,
more stable, separation. Note that this proces can ac-
count for correlation of H-center orientation with STE (or
Vz-center) orientation. The main thermal activation
barriers are on the lower potential surface, rather than on
the upper ones.

The proposed mechanism can also account for some as-
pects of the experiments showing that laser excitation
from the lower STE level to hi her levels results in
enhanced E-center formation. ' ' ' ' All such experi-
ments have been performed only at low temperature and
so are constrained to those specific crystals which exhibit
E-center formation at low temperature. We may imagine
the following sequence: Upon initial creation of STE's in
highly excited states, relaxation leads quickly to popula-
tion of the aig/FH potential surface near R~H ——0, fol-
lowed by acceleration of halogen atoms toward and
through the (E-H)NN (n-luminescent STE) configuration.
Some of them (about 17%%uo in KC1) successfully achieve
stable F-H separation. A larger fraction fail to achieve
stable F-H separation on the first attempt and therefore
collect at the (F-H)NN (n-luminescent STE) potential
minima awaiting decay to the ground electronic state.
Since the lowest luminescent state is a spin triplet, the ra-
diative lifetime can be quite long at low temperature, e.g.,
5 msec in KC1. These self-trapped excitons can be placed
back into the higher levels by a laser pulse. The entire
process described above would then be repeated, with a
fixed fraction achieving stable E-H separation and much
of the remainder settling back into the ir-luminescent STE
state. Actually, a laser pulse of several nanoseconds dura-
tion can cycle a self-trapped exciton through its excited
states many times. The accumulated defect yield
enhancement from one laser pulse can thus be quite large,
as observed. 's' 9' 0s2 In a real sense, the laser light may
be simply pumping energy into a collection of cold equili-
brated STE's, thereby giving the halogen atoms the energy
they need to escape along the lower (aig/EH) potential
surface. At higher temperature, they could move along
the same surface in thermal equilibrium. The potential
curves and associated dynamics represented in Fig. 2 pro-
vide a means of channeling the optical excitation energy
into specific motion of separation of the H center and E
center.

There is one important aspect of the laser reexcitation
experiments which is not simply explained in this picture.
This is the work of Tanimura and Itoh indicating that
there is a state selectivity in the laser enhancement of F-
center yield. Of the three levels, bi„, b2„, and b3„, the
bz„ level was found to be the most effective in E-center
yield. We cannot at present suggest a simple way of ac-
comrnodating these data in the mechanism proposed
above, which should, it seems, predict roughly equal
enhancement in all three levels. Further theoretical and
experimental examination of this issue is needed.

In summary, the calculations reported by LBS have
provided strong evidence indicating that the self-trapped
exciton in alkali halides exists as a nearest-neighbor F-8
pair rather than a Vz+e center. This behavior is in
close correspondence with the known structure of STE's
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in alkaline-earth fluorides, where both experiment and the
calculations of Adair et ctl. ss concur that the STE is a
nearest-neighbor F-8 pair. The existing data on excited-
state EPR, luminescence lifetime and polarization, and
absorption spectra appear to be consistent with the C2y
symmetry of the off-center STE. Ctntainly, detailed reex-
amination of the data with respect to the off-center STE
should continue. We have shown how the essential identi-
ty of the luminescent STE state with a nearest-neighbor

I"-8 pair resolves several questions associated with F-
center generation at both low temperature and high tem-
perature.
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