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Excited-state absorption spectroscopy of self-trapped excitons in alkali halides
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Optical transitions between the lowest metastable triplet state and higher states of the self-trapped
exciton are reported for nine alkali halides, in the energy range from 0.6 to 5.5 eV, Measurements
were made on pure crystals using techniques of time-resolved spectroscopy and electron-pulse
irradiation. Variation of the transition energies with lattice constant provides additional evidence for the
classification of the spectra in terms of two basic categories: hole transitions localized on the X, core,
and electron transitions largely decoupled from the influence of the core ions. Optical binding energies
of the self-trapped exciton are estimated from the spectra, and are found to be 2-4 times greater than
the binding energies of corresponding unrelaxed excitons. The relaxation of the lattice around the
exciton is discussed in terms of a two-dimensional configuration-coordinate model. Hole self-trapping
and the Stokes shift of emission occur principally through the axial mode, as commonly accepted. The
increase of exciton binding energy upon relaxation to the equilibrium configuration is attributed to a
nonaxial mode of relaxation which may be viewed as analogous to the breathing mode that broadens
and shifts I-center transitions.

INTRODUCTION

The low-lying states of self-trapped excitons
(STE's) in alkali halide crystals have been studied
extensively by means of the luminescence emitted
during electron-hole recombination. These inves-
tigations have shown that the metastable self-
trapped configuration in which the luminescence
originates consists of an electron bound to a hole
which is itself localized on a pair of nearest-neigh-
bor halide ions. The hole configuration is equiva-
lent to the well-known stable X2 or V„center. '
The recombination luminescence spectra consist of
broad bands, some of which are 0 polarized, short-
lived, and due to the decay of singlet excited states,
and others which are m polarized, relatively long-
lived, and due to triplet states. 3 The present arti-
cle concerns the use of time-resolved optical-ab-
sorption spectroscopy to observe transitions from
the lowest metastable triplet state to higher triplet
states of the STE.

The first results of these studies, dealing mainly
with NaC1, KCl, and RbCl, were reported in an
earlier letter. ' A subsequent communication de-
scribed new transient absorption bands observed in
alkali iodides in the u.'ltraviolet spectral region and
identified them as fundamental crystal (exciton)
transitions perturbed by the presence of triplet
STE's. ~

These investigations have now been extended to
include nine alkali halides. The results remain
generally consistent with the earlier conclusions
concerning the nature of the higher STE triplet
states. In addition, we are able to expand some-
what our initial arguments regarding the origin of
the relatively large optical binding energies obtained
for the electron and hole in the lowest STE triplet
state.

The present data are in essential agreement with
the more recent transient-absorption results of
Hirai et al. , for KCl and NaCl and Kondo et al. ,
for KBr, although there are differences in detail.
The Sendai group has emphasized F- and H-center
production by pulsed radiation, whereas the work
described here deals primarily with the triplet STE.

THE EXPERIMENT

A schematic diagram of the equipment we em-
ployed to make time-resolved measurements of ab-
sorption and emission is shown in Fig. 1. The
radiation source was a small commercial electron
accelerator which operates by capacitor discharge
to produce a 5-nsec electron pulse of up to 10 J to-
tal energy. The mean electron energy in the pulse
was about 500 keV. The penetration depth for elec-
trons of this energy in a typical alkali halide is only
of the order of 0. 5 m m. Therefore, to obtain an
easily measurable optical density from this thin
layer of coloration, the monitoring light beam was
internally reflected at a low angle from the target
face of the crystal, as shown in Fig. 1. Optical
path lengths up to 10 times the thickness of the ir-
radiated portion were obtained in this way. Sam-
ples (typically l. 5x 1.5xo. 3 cm) were cleaved from
single crystals and were mounted on the cold finger
of a standard optical Dewar with a 0.025-mm-thick
titanium window for the electron beam. A variable-
temperature helium Dewar with a germanium re-
sistance thermometer on the cold finger was used
when measurements over a range of temperatures
were required. Determinations of the electron-
pulse energy were made by substituting silver-ac-
tivated glass-block dosimeters for the samples.
The energy density per electron pulse ranged from
about 10" to 10" eVjcm' at the sample surface in
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FIG. 1. Schematic diagram of the apparatus. Two
alternative methods of optical detection are shown.

this experiment. Some sample heating effects were
observed at high pulse energies, but these could
usually be reduced to negligible proportions by re-
ducing the beam energy.

Several optical detection systems were used in-
terchangeably, depending on the particular sample
and the parameter to be measured. Decay times
at a single wavelength mere measured by means of
the double monochromator and photomultiplier in
the lower right of Fig. 1, yielding a display of light
intensity versus time on an oscilloscope. A dc
lamp with a shutter was used to monitor long-lived
(v & 10 sec) absorption bands. A xenon flash lamp
was used when working with shorter-lived bands,
primarily in order to discriminate against the lu-
minescence. The peak power of the luminescence
becomes quite high under the conditions of this ex-
periment; for Nal, the extreme case, the emission
over 4m sr can exceed 1 kW.

Low-resolution spectra could be obtained by a
succession of fixed-wavelength measurements, but
because of fluctuations in electron-pulse energy
and beam focus it was necessary to normalize the
dose received at the sample surface by simulta-
neously monitoring luminescence. For crystals
with a high efficiency of permanent coloration, the
multiply shots required to obtain a spectrum in this
way were a disadvantage. Better resolution of de-
tail in relatively long-lived absorption spectra was
obtained by inserting the grating (or prism) indi-
cated in Fig. 1. A rotating mirror deflected the
imaged spectrum across the photomultiplier slit in
synchronization with the electron pulse and lamp
flash. The time axis of the oscilloscope display
was then proportional to wavelength, so that a spec-
trum could be recorded with each revolution of the
mirror. Wavelength scanning rates of up to 60 A/
p, sec were achieved. Calibration by narrow- line
discharge lamps resulted in spectra which, though
rather crude by usual spectroscopic standards,
mere adequate for the broad bands investigated.
The data obtained in this may were useful, for

example, in refining measurements of the doublet
structure in the infrared bands of RbBr, KBr, and

KCl, to be discussed presently. Spectra obtained
by high-speed scanning mere in all cases checked
against fixed wavelength data. The interpretation
of spectra obtained by this photoelectric method was
inherently simpler than the interpretation of photo-
graphic data, which were occasionally used. The
scanning method was, of course, limited to the
study of bands whose decay times were long com-
pared to the scan time. Small corrections for de-
cay during a scan mere made when required.

Repetitive excitation and a digital signal averager
were used when the signal-to-noise ratio was low,
or when it was desired to reduce the electron pulse
energy to avoid transient heating effects. Infrared
measurements beyond 1.1 pm were made using a
cooled InSb detector with a 2- p, sec time constant.
Shorter wavelengths were covered by various pho-
tomultiplier tubes. Within the time constraints
noted, the over-all apparatus was capable of mea-
suring absorption spectra throughout the wavelength
range 0.21-2. 5 p.m.

EXPERIMENTAL RESULTS

Figures 2-4 present the time-resolved optical-
absorption spectra for nine alkali-halide crystals.
The measurements mere made at a temperature of
9+3 K. The decay-time components which consti-
tute each spectrum have been separated in the fig-
ures and are listed in the respective figure keys.
The use of the symbols (=) and (=) in the figure keys
is intended to distinguish strictly exponential decay
processes for which v is the 1/e time from those
which can only be characterized by an approximate
time 7 for decay.

Each curve, solid or broken, represents the in-
itial value of one component in the decay time anal-
ysis of optical absorption. The analysis will be il-
lustrated later for the cases of RbI and RbBr. The
solid-line spectra in Figs. 2-4 represent those
components of absorption which share the time de-
pendence of the principal triplet-exciton emission
band in each- respective material. The broken
curves show other components, most notably some
small, stable color-center bands and intense, rap-
idly decaying bands, which are also identified with
color centers. The sum of all component spectra
shown for a given material is the total absorption
immediately following the pulse. "Immediately, "
as used here, has not been defined precisely by
rise-time measurements, but our own observations
and those of Karasawa and Hirai and Kondo et al. ,

'
indicate that the growth of the absorption is in most
cases no slower than the 5-nsec electron pulse
width. '

The points shown are those from which the solid
curves were determined, . i.e. they are the extrap-
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which in turn varied for different parts of the spec-
trum. One example of fairly uncomplicated decay-
time assignments is the case of RbI, shown in Fig.
5. The time development of each of the major
spectral features, including the 2.3-eV lumines-
cence, is plotted on a semilogarithmic scale, and

straight lines parallel to the luminescence decay
line are drawn through the data. The 5.61-eV ab-
sorption data show more scatter because of shot
noise in the transmitted light beam, which has a
lower intensity at this energy. On the other hand,
the expected error at 1.2 eV is quite small, so that
a small fast-decaying component may be readily
distinguished from the major component which
clearly shares the luminescence decay time. Com-
ponents of stable absorption too small to be shown
in Fig. 4 (=2/g) were detected at the F-band energy
and near 2. 8 eV, and were subtracted from the
1.75- and 2. 82-eV decay curves.

The precision to which decay times have been
measured for all spectral components in NaCl,
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FIG. 2. Time-resolved spectra of optical absorption
induced in samples at 9+3 K by a pulse of 500-keV elec-
trons. The spectra shown in solid lines with experimen-
tal points share the decay time of the emission from the
lowest triplet state of the self-trapped exciton, and are
attributed to excited-state transitions originating in that
state. Solid data points were measured point-by-point,
while open points are representative of continuous-
wavelength data obtained by high-speed scan.

olated zero-time components of absorption which
can be correlated with the STE decay time. The
broken curves were determined by similar points
resulting from analysis of the same data, but those
points have been left out of the figures for clarity.
Filled circles show data which were taken at one
fixed wavelength per electron pulse, while the open
circles are representative data points obtained by
the rapid-scanning method described earlier. All

parts of the spectra shown have been covered at
least by the fixed-wavelength method, which is the
basis for decay-time assignments. However some
of the detailed spectral features at low energies
were resolved much better in the rapid-scan data,
and we have chosen to display those scan points
where appropriate to convey our best. obtainable
resolution in spectral shape.

Verification that two spectral components share
the same lifetime was limited by uncertainty in both
the experiment and in the decay-time analysis,
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FIG. 3. Time-resolved spectra of optical absorption
induced in samples at 9y 3 K by a pulse of 500-keV elec-
trons. The spectra shown in solid lines with experimen-
tal points share the decay time of the emission from the
lowest triplet state of the self-trapped exciton, and are
attributed to excited-state transitions originating in that
state. Solid data points were measured point-by-point,
while open points are representative of continuous-wave-
length data obtained by high-speed scan.
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FIG. 4. Time-resolved spectra of optical absorption
induced in samples at 9 + 3 K by a pulse of 500-keV elec-
trons. The spectra shown in solid lines with experimen-
tal points share the decay time of the emission from the
lowest triplet state of the self-trapped exeiton, and are
attributed to excited-state transitions originating in
that state.

HbCl, and KI is comparable to the example of RbI;
that is, 1.0% or better. The same precision applies
to the infrared bands in all crystals, since they are
not overlapped by any other strong components.
In Fig. 6, RbBr serves as an example of a crystal
with substantial overlapping decay-time compo-
nents, which we identify as transient I' and H bands
and a stable E band. Because of the uncertainties
involved in making a three-part decomposition of
the decay curve, the expected error for wavelengths
in the E-band is on the order of 25% for RbBr. The
expected error in the E-band is higher for KBr be-
cause of the larger I band, but is lower for KCl
because of the greater difference in decay times of
the I' and STE.

In the case of NaI, we observe two decay-time
components in absorption, and two corresponding
components in the 4. 2-eV luminescence. The limit
of agreement is on the order of 20%, and there is
some indication that the longer decay time depends
on the treatment of the sample and/or the tempera-
ture. Similar luminescence components of life-

times 0. 11"and 0. 57 p, sec ' have been noted by
other investigators. The ratio of integrated inten-
sities of the two luminescence components mea-
sured at 4. 2 eV is roughly consistent with the rel-
ative strengths of the absorption components. In
view of the comparability of the absorption spectra
for the two components (Fig. 4), it is probable that
both are associated with the self-trapped exciton.

In NaBr we again find two components of absorp-
tion, 0. 6 and 30 p.sec, with roughly the same
strength and spectral distribution. However, only
the 0. 6- p, sec component is readily identifiable in
the luminescence. A survey of luminescence bands
in the NaBr crystal we used showed the presence
of a weak emission band near 3. 1 eV which decayed
in 400 psec, and another near 3. 5 eV which de-
cayed in 2. 8 msec. It is not known whether these
are intrinsic bands. Because of the infrared de-
tector's response time, only the 30- p.sec compo-
nent of the absorption spectrum could be measured
accurately below l. 1 eV. There was some indica-
tion of a component decaying faster than 2 p, sec in
the region below 0. 8 eV. Although our data for
NaBr and NaI are thus not as comprehensive as
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FIG. 5. Decay of absorption and triplet-exciton emis-
sion in RbI following a single pulse of 500-keV electrons.
Some of the curves have been translated vertically for
convenient display, so relative intensities are arbitrary.
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FIG. 6. Decay of absorption and triplet exciton emis-
sion in HbBr following a single pulse of 500-keV elec-
trons: (a) 1.24-eV absorption (b) 1.82-eV absorption
(as measured), (c) 1.82-eV absorption (minus stable
component), (d) 1.82-eV absorption (fast component),
(e) 2.10-eV luminescence, (f) 3.35-eV absorption (as
measured), (g) 3.35-eV absorption (fast component).

those for the other crystals, we have nevertheless
included them for completeness and to provide ad-
ditional comparisons with our conclusions.

The optical density scales in Figs. 2-4 are nor-
malized approximately to an excitation intensity of
2 x 10'~ eV/cm' per electron pulse, with the optical
path described earlier. Errors associated with the
dosimetry and with fluctuations in the pulse energy
make the normalization uncertain by about a factor
of 2,

The transient absorption bands which do not over-
lap spectrally with strong color-center bands (e.g. ,
E or H bands) show no significant dependence on
whether the samp1. e has been previously irradiated.
However, the formation and decay of the color cen-
ter bands themselves depends on the irradiation
history of the sample. Thus to clarify the signifi-
cance of color-center bands which appear in our
data, we remark that peak-absorption strengths
correspond to the first irradiation pulse on a new

crystal; the one exception being NaCl, where we
show the F formed on the fifth pulse. By desig-
nating a band as stable, we mean that it was ob-
served approximately 3 min after the electron
pulse, the crystal having spent the intervening time
in darkness except for the single light flash used
in the measurement process.

On the basis of the decay-time correspondence

already noted, it is obviously reasonable to identify
the spectra shown in solid lines in Figs. 2-4 as
transitions originating in the lowest triplet state of
the self-trapped exciton. Let 1/7 be the probability
for radiative decay of an excited state, and let n(t)
be the time-dependent population of the excited
state. Then the intensity of luminescence emitted
at time f is l(f)~n(t)/rs. If light is absorbed in a
transition from that same excited state to some
higher state, the measured optical density D(f) is
proportional to the first-excited-state population,
D(t )~n(t). Thus the optical density and lumines-
cence intensity are proportional in this case, re-
lated through the constant decay time v~. The
measured reciprocal decay time I/v can be closely
approximated as the sum of I/vs and a nonradiative
probability 1/7„(T) which increases exponentially
with temperature. Since I/r„enters the expres-
sions for I(f) and D(t) only through the common fac-
tor n(t)~ e "~'s"~'&', the correspondence between
emission and absorption decay times should per'sist
through the temperature of thermal quenching if the
same state originates both transitions. This rela-
tionship is verified for KBr in Fig. 7, which shows
the experimentally observed temperature depen-
dences of v for luminescence and absorption,
Agreement was also observed in the other cases
tested-NaCl, KC1, and RbBr—although the results
in RbBr were complicated by the appearance of ad-
ditional components at higher temperatures.

For KC1 and RbCl thermal quenching occurs at a
particularly low temperature; at 12 K, 7 has de-
creased by roughly 50%%u& in both crystals. We ob-
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FIG. 7. Temperature dependence of the decay time
for the triplet exciton luminescence and the 1.55-eV
absorption in KBr.
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served that when the pulse energy density was in-
creased above a threshold near 10' eV/cm , the
decays became nonexponential and the nominal de-
cay times of both absorption and emission in RbCl
and KCl decreased by as much as two orders of
magnitude. Below the threshold, the normal decay
times were observed, except for a small persistent
effect in RbCl. Since this behavior could not be
produced in the materials with higher quench tem-
peratures, we attributed it to momentary heating
above 12 K in the electron penetration layer. By
employing energy densities less than 10'7 eV/cm2,
we could thus be certain that the temperature of any
particular sample remained below about 12 K.

The possibility that the high electric fields aris-
ing from the negative charge deposited in the crys-
tal could affect either 7~ or 7„was also considered.
However, at electron pulse energy densities below
10'7 eV/cm the decay of the luminescence is in-
distinguishable from that excited by a similar
pulse of x rays, for which the effective energy den-
sity is lower by more than two orders of magnitude.
This indicates that neither charging effects nor
temperature excursions have had a significant in-
fluence on the data.

DISCUSSION

From the data discussed in the preceding section
it is clear that we are observing transient absorp-
tion originating in the lowest triplet states of the
STE. We can describe most of the features of
these spectra in terms of a simplified model which
assumes axial symmetry and which neglects the
zero-field splittings of the triplet states. These
splittings, which range from 3.3 p.eV for KC1" to
690 p, eV for KI, ' are much smaller than the widths
of the optical bands. Our approximate point group
is thus D„„, that of a homonuclear diatomic mole-
cule. Beginning with the self-trapped hole or X2
molecular ion alone, the ground electronic config-
uration is

" (opp)'(v„np)'(v, np)'(o. np) =A-
where n is the principal quantum number of the
halogen valence shell. The hole orbital is o„, that
is, p-like with respect to the center of symmetry.

Regarding the excited electron, it is clear that
a more extensive orbital is required, particularly
for the lowest triplet states for which one expects
substantial amplitude on at least the ten nearest-
neighbor alkali ions surrounding the Xa . ""
Furthermore, it is reasonable to expect the lowest
excited electron orbital to be of over-all o~ charac-
ter, or s-like, ' and this choice has proved consis-
tent with all available data concerning the emission
bands under consideration. We represent the low-
est electron orbital schematically as iso„ the ls
referring to the. approximate symmetry of the en-

velope function outside the X2 core. The lowest
triplet state is thus determined to be

Also, Z„' . (2)

This is the initial state for the transitions to be de-
scribed.

We first consider the broad absorption bands in
the 2. 7-4.0-eV range in Figs. 2 —4 . In most
crystals a single band is dominant, and it resem-
bles in both location and shape the principal ab-
sorption band of the self-trapped hole or V, cen-
ter. '~ Since the core of the STE is, in fact, a per-
turbed X2 center, these transitions are identified
as

is the probable origin of the l. 75-, l.67-, and
1.40-eV peaks in RbI, KI, and NaI (Fig. 4). This
transition is also a possible source for the weak
band at 1.6 eV in NaBr. The present evidence on
this assignment cannot be regarded as conclusive,
however.

Having exhausted the hole configurations antici-
pated in this range of energy, we now turn to tran-
sitions involving the electron. Ignoring NaBr and
NaI for the moment, each spectrum is seen to be
characterized by a moderately sharp edge in the
near infrared, one or more distinct peaks, and a
gradual decline toward higher energy. These fea-
tures are most readily interpreted in terms of Ryd-
berg sequences terminating at the conduction band,
analogous to the F and K bands arising from F cen-
ters. ' The appropriate sequences are

AnPo„, Z~ —Also~, Z„',

IIs —A lsd, Z'„.

where n ~2. Both converge to the same continuum.
Although the exact shapes of the spectra these se-

Dl scr, Z' —A lsd, Z'„,

the excited configuration being

(o~p)(x„np) (x np) (o„np) (Iso~) =-Dlsag . (4)

There are additional configurations similar to
Eq. (4) in which the hole is excited to x, np a.nd

m„np shells. The corresponding hole configura-
tions are designated B and C, respectively. Tran-
sitions terminating in C are parity forbidden.
However, absorption bands terminating in configu-
ration B are observed for the stable Xz center;
they are extremely weak in the chlorides, but in
iodides they become comparable in intensity to those
involving configuration D. The transient spectra
over the ranges 1.6-3.8 eV in RbI and KI and
l. 2-3. 4 eV in NaI are, in fact, sufficiently similar
to the corresponding Xz spectra to suggest that the
transition
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quences should produce cannot be predicted, an
edge at n =2 and a more gradual decline toward
higher energy is the behavior one would generally.
expect.

This line of argument can be carried further, in
that the doublet structures evident in KC1, RbCl,
KBr, RbBr, and RbI can readily be ascribed to the
n = 2 components of the two sequences (6) and (7),
with (6) accounting for the lower-energy peak.
That is, the doublet corresponds to p-like electron
orbitals oriented parallel and perpendicular to the
molecular axis. The two peaks generally appear
to be of comparable strength, a factor which weighs
against their being the n=2 and 3 terms of either
sequence alone. In the cases of NaCl and KI the
doublet is presumably unresolved because of small
separation and large broadening.

An interesting correlation becomes evident when
one compares these STE bands with the absorption
bands of related stable color centers. Let us con-
sider the variations of band peak energies from
crystal to crystal. For this purpose we plot peak
energies versus the nearest-neighbor distance —,'a
in Fig. 8. As appropriate to these comparisons,
the V„or Xz" band' and F band energies' are in-
cluded and, in addition, the M band. ' The latter
band is the lowest-energy transition of the M cen-
ter, a nearest-neighbor pair of E centers. The M
center is electrically neutral and possesses the
same point symmetry as the STE. In Fig. 8 the

principal STE absorption peaks are represented by
solid circles and prominent subsidiary peaks by
open circles.

In the region around 3 eV the V~ and STE bands
are seen to correlate rather well. Little, if any,
systematic change with lattice parameter is evi-
dent, as might be expected for transitions involving
orbitals localized in a molecular subunit such as
an Xa . B~r contrast, the lower-energy STE bands
show a distinct variation with &a which parallels
the variation evident in the E and M bands. These
bands can be characterized by the well-known
Mollwo-Ivey relationship' E =Aa™,where E is the
peak energy and A and m are constants for a given
center. The value m =2 obtains for E and M cen-
ters. For the present purposes this relationship
is considered simply as an empirical rule for elec-
tron centers. although there is some theoretical
basis for it. ' One sees from Fig. 8 that except
for NaBr and NaI, the prominent lower energy STE
bands conform roughly with this relationship, which
fact provides additional circumstantial evidence
that they are electron transitions. Indeed, there
appears no plausible alternative to this assignment.

Other prominent transitions of the stable I~ cen-
ter in the 1.4-1.6 eV range are included in Fig. 8,
and the nearby open circles locate subsidiary STE
transitions which we have suggested above are of
similar origin, that is, due to transition (6). Sev-
eral other subsidiary peaks from Figs. 2 —4 are
also included in Fig. 8.

Estimates of the optical binding energies E, of
the electron in the lowest triplet states can also be
obtained from the spectra of Figs. 2 —4 . E, is
the limit of the Rydberg sequences (6) and (7), the
ionic configuration being always that of the initial
state. Consider first the relatively simple RbCl
spectrum. Comparison with the E-center spectrum
is of considerable help here, since the E and K
bands are known to be transitions to a Rydberg-like
sequence of P states terminating in the high-energy
tail of the K band. In RbCl both photoconductivity
measurements and theoretical calculations con-
firm this location for the band edge. Our estimated
value for the STE ionization limit, E, =2.3+0. 1

eV, is chosen to be at the same energy with respect
to the STE spectrum as is the band edge with re-
spect to the F-center spectrum.

Similar estimates of E, have been made from the
other spectra in Figs. 2 —4, making limited use
of analogous color-center spectra as guides. These
E;, along with the peak energies of the doublet, are
recorded in Table I. The reliability of E; is clear-
ly variable, this being evident from the ambiguity
of the NaCl spectrum, for example.

Optical binding energies of unrelaxed excitons
can be deduced from various fundamental optical
spectra, the values being roughly 0. 5 eV for the
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TABLE I. Parameters of the triplet self-trapped ex-
citon levels: Stokes shift in emission; measured transi-
tion energies corresponding to n =2 in Eqs. (6) and (7) of
text; and estimated ionization limit corresponding to n
= in Eqs. (6) and (7).

Stokes shift
Material (eV)

n =2 transitions
(eV)

Ionization
limit, E&

{eV)

HbC1
KCl
NaCl
BbBr
KBr
NaBr
HbI
KI
NaI

5.24
5. 44
4. 58
4. 50
4. 50
2. 08
3.40
2. 46
1, 36

1.73
1.87

1.48
1.58

1.20

2. 02

1.15

1.91
2. 12

1.65
1.76

1.38

2. 3
2. 6
2. 8
2. 2

2. 3
&1.1

1.7
1.7

&1.2

+0. 1

+0.2

+0.4
+0. 1
+0.3

+0.1
+0.2

iodides, 0. 6 eV for the bromides, and 0. 7 eV for
the chlorides. ~~ Despite the quantitative uncertain-
ties inherent in our determinations of E„ it is thus
apparent that the optical binding energies for STE's
are greater than those of unrelaxed excitons by
factors of roughly 2-4. Some difference is to be
expected, of course, since the ionic configurations
which characterize the transitions are dissimilar.
In the following we shall attempt to gain some qual-
itative insight into how these large E; can come
about.

As a first approximation one would attempt to
account for the relaxation of the over-all system in
terms of only one relaxation mode which is a super-
position of displacements of a number of ions, that
is, one configuration coordinate. This approxima-
tion has substantial utility when dealing with only
two states. The solid curves of Fig. 9(a) depict the
ground state and the lowest triplet in this manner,
the configuration coordinate being designated r.
The plane of this diagram can be considered to be
a vertical section through the complete configura-
tion space which intersects the absolute minima of
the two states.

The onset of the ionization continuum, i.e. , the
common limit of sequences (6) and (7), must also
be included in Fig. 9. Here use can be made of the
V~- ground-state potential curve calculated by Jette
et a/. " However, it is important to realize that
the minimum of the V, potential will occur at an al-
together different point in configuration space and

thus in general will not lie in the plane of Fig. 9(a).
We will assume that the vertical plane in configura-
tion space which connects the minimum of this
state with the minimum of the lowest-triplet STE
is perpendicular to the plane of Fig. 9(a); i. e. ,
that the system is describable by two orthogonal
configuration coordinates. The second coordinate
is labeled d. The dashed curve represents the V,
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FIG. 9. Semiquantitative configuration coordinate
diagrams for the STE in KCl. Coordinate r is the ap-
proximate internuclear spacing of the C12 core, and d
represents schematically the displacements of all other
ions. The determination of these curves is described
in the text.

potential at and near its minimum point X, which
should be regarded as displaced perpendicular to
the plane of Fig. 9(a). The curve is sketched to
have a shape similar to that of the theoretical curve
for KCl. The only important parameter of this
curve is its minimum energy E(X'). We can spec-
ify this, relative to the energy E(Q) of a free elec-
tron-hole pair, on the basis of the measured acti-
vation energy for reorientation of the V~ center,
which is 0. 54 eV for KCl. 4 Following the calcula-
tion of Wood, " it is reasonable to estimate the en-
ergy difference E(Q) —E(X') to be roughly 50%%uo

greater than the reorientation energy, that is,
about 0. 8 eV.

Since X' is the absolute minimum in the V„con-
figuration space, and Y is the absolute minimum in
configuration space for the lowest-energy STE, the
exciton binding energy must increase with relaxa-
tion along d; E(X) —E(Y) E(X') —E(Y'). We can
expect the difference in binding energy to be rough-
ly halved between shifts of the ionized exciton (re-
laxed hole) and the lowest bound state. If the re-
laxation in coordinate d produces a shift from X to
X' and from Y' to Y comparable to that for relaxa-
tion in r from Q to X' (= 0. 6 eV), then the value E,
= 2. 6 eV in KC1 is plausible, requiring only E(X )

E(Y') =1 e-V. The latter value is comparable to
the binding of an electron to an unrelaxed hole.
KCl and NaCl represent the extreme cases of large
E& in Table I.

Figure 9(b) shows how the energies of the three
states will depend upon d for a value of r fixed at
the minima of the self-trapped states. The upper
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curves are seen to bear strong similarity to stan-
dard configuration curves for electron centers,
e.g. , those of Russell and Klick for the E center '
and Hirai 3nd Hashizume for the M center. Curve
7'F would correspond to the ground state of the
color center, and transitions X-F and X'- F'
would correspond to optical absorption and emis-
sion, respectively.

It is a logical extension of &he arguments pre-
sented thus far to speculate on the possibility that
the environment which the electron experiences in
the STE is in fact roughly equivalent to the envi-
ronment an M-center electron experiences. Cer-
tainly the potential around the 10 nearest alkali
ions and beyond is similar to that of the M center.
In the M center the two electrons are kept apart by
Coulomb repulsion, and it may well be that the av-
erage potential one M electron experiences due to
the other electron is roughly equivalent to the av-
erage potential the electron in the STE experiences
due to the net negative charge localized on the X~
core. Triplet-state lifetime data, , ' as well as re-
cent EPR measurements, ' seem to indicate that in
crystals exhibiting large Stokes shifts, i.e. , all of
the present crystals except NaBr and NaI, the elec-
tron in the STE spends only a small fraction of its
time on the X& core.

We now return briefly to the spectra and consid-
er the lower-energy region of the STE spectrum in
comparison with that of the M center. Note first
that with regard to the excited electron the orbitals
proposed to describe the STE doublet, Eqs. (6) and

(7), are the same as those which produce the M and

M~ bands. Taking the M~ band to coincide approx-
imately with the F, an assumption which should be
valid in general, it is evident from Fig. 8 that the
STE doublet falls generally between the M and M~
(or F'} transitions for all crystals except NaBr and
NaI. Except for the fact that the molecular field
(o —v} splitting is substantially larger for the M
center, there is actually fair quantitative resem-
blance between the spectra. In addition, our esti-
mated E; are comparable to those of M and F cen-
ters. The fact that we are here comparing singlet
transitions of the M center with triplet transitions
of the STE is of no consequence, since the relevant
exchange energies for both are negligibly small on
the scale of the optical spectra. 7' 8

On the basis of this model one can comment fur-
ther on the physical significance of the coordinates
x and d: It is clearly reasonable to associate r with
the internuclear separation of the X~; this sepa-
ration, or more precisely the covalent bonding as-
sociated with it, is generally thought to be the prin-
cipal contributor to the self-trapping energy, and
the X2 internuclear repulsion accounts for almost
all the ground-state energy variation. On the other
hand, d would logically comprise the displacements

of all other ions and thus would be identified with
that (breathing) mode primarily responsible for the
Stokes shift and broadening of the M-center spectra.
Thus one would visualize Fig. 9(a) as describing
the internal mode of the X, and Fig. 9(b) as per-
taining to an external mode. Obviously this sepa-
ration of modes is a conceptual simplification which
is valid only to some degree of approximat". 'on. For
example, the two alkali ions nearest the center of
the Xz must surely participate to some extent in
the r relaxation.

We now draw attention to the fact that the scale
of r in Fig. 9(a) is the actual internuclear separa-
tion of the Clz in the following sense: The ground
potential curve has been calculated theoretically
using standard procedures and Born-Mayer ionic
potentials, a relatively simple calculation which
should be accurate to within about 10/o. The ener-
gy of point Y was deduced as described above, and
point F was moved horizontally to that location giv-
ing the observed luminescent quantum E(Y) —E(Z)
=2. 32 eV. The value of r at point Y (or, equiva-
lently, X'} is 2.48 A, in satisfactory agreement
with the V~ calculation of Jette et al. when the
latter is adjusted slightly to improve agreement
with measurements of hyperfine splittings. This
furnishes a useful consistency check which is, how-
ever, not very stringent. KCl has been used here
as an example; however, diagrams similar to Fig.
9 have also been constructed for the other crys-
tals, and none is inconsistent with the model.

The remainders of the upper curves in Fig. 9
have been sketched to conform to the expected qual-
itative behavior. For Fig. 9(b) it is difficult to
estimate the shape of the ground-state potential
curve; it should vary relatively little and conse-
quently has been shown as a horizontal line.

Consider now the case of the electron transitions,
Eqs. (6) and (7), for NaBr and Nal. A straightfor-
ward extrapolation of the data of Fig. 8 would lead
one to expect these transitions to appear in the
1.5-2. 3-eV range for NaBr and the l.3-2.0-eV
range for NaI. There is STE absorption in these
regions, but it shows little of the character of the
electron transitions in other crystals. It seems
more probable that at least most of the absorption
given by the solid curves in Figs. 3 and 4 is caused
by the hole transitions designated in Eqs. (3) and

(6), as previously noted Furtherm. ore, in the con-
text of our discussion involving Fig. 9, the rela-
tively small Stokes shifts for NaBr and N3I, as
shown in Table I, are not compatible with large E,
values.

It is most likely the electron transitions in NaBr
and NaI occur at lower energies, below about 1 eV.
The strong 30-p, sec band which appears in the in-
frared region of the NaBr spectrum may have this
origin. Although this lifetime component has not
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been unambiguously identified with the intrinsic
luminescence, the correspondence between the two
components at shorter wavelength is difficult to ex-
plain otherwise. Multiple decay components occur
generally in the iodide STE luminescence'4; they
arise from the marked differences in the character
of the three triplet sublevels, A„, B~„, and B,„. In
fact, the small 3-p,sec component seen in Fig. 4
for RbI arises in this way; it corresponds to a lu-
minescence component from the B2„and B3„levels,
while the stronger ll- p, sec component originates
in the A„ level.

In accord with the preceding discussion the es-
timated upper limits on E, shown in Table I for
NaBr and NaI depart substantially from those for
the other crystals. It seems reasonable to conclude
that KCl, RbC1, KBr, RbBr, and RbI represent the
limit where the X~ core is largely uncoupled from
the lattice; the electron and hole are somewhat in-
dependent of each other and behave like analogous
perturbed color centers, M and V~. Consequently
the E, are large, Stokes shifts are maximized, and
luminescent lifetimes are long. At the other ex-
treme are NaBr and NaI. For these crystals for-
mation of the distinctive Xz core is still the driv-
ing force for self-trapping, but other aspects of
the STE are perhaps better described in terms of
a perturbation on the behavior of the free exciton
rather than as analogs to perturbed color centers.
KI and, to a lesser degree, NaC1 might be regard-
ed as falling somewhere between these two ex-
tremes. NaBr and NaI should still be character-
izable in terms of configuration coordinate dia-
grams qualitatively similar to that of Fig. 9. Such

diagrams have been derived and are consistent
within the large uncertainties of E, for these crys-
tals.

Our analysis carries the clear implication that
STE's in the RbGl category should produce a
stronger perturbation on the nearby lattice than
those at the NaI extreme. The relative locations
of the perturbed exciton transitions above 5 eV in
Fig. 4 confirm this to be the case. The shift of
this transition with respect to the intrinsic exciton
absorption is a measure of the perturbation and,
as previously indicated, ' these shifts are 0. 12 eV
for RbI, 0. 14 eV for KI, but less than 0. 05 eV for
NaI.

We might remark, finally, that this behavior may
be correlated with ion size considerations; that is,
the farther apart the halide ions in the undisturbed
lattice, the greater the relaxation in forming the
X2, and thus the more localized the hole and the
more isolated the X~ from the electron. For the
electron, the alkali ions are evidently a region of
low potential relative to the X& core, and for RbCl
the relative size of the low-potential region is larg-
er than, for example, for NaI.
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