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Short-pulse optical studies'of exciton relaxation and F-center formation
in NaCl, KCl, and NaBr
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Using short-pulse laser techniques, the formation time and absolute production efficiency of F centers in
KCl have been investigated on the time scale of 10 " sec. The temperature-dependent yield of F centers
observable at 46 psec following two-photon band-gap excitation has been determined over the range 12-880
K in crystalline KCl. The yield of F centers per ionizing event approaches unity near the melting point. The
observation of transient 532-nm absorption resulting from ultraviolet pulse irradiation of molten KCl is
reported. The formation time, production efficiency, and room-temperature decay time of self-trapped
excitons in the lowest triplet state in NaCl have been investigated, as has the onset of 532-nm absorption in
NaBr. The observations, in general, place upper limits of a few picoseconds on the time for capture of an
electron by a hole in these alkali halides when capper densities are in the range of 5 X 10" cm '. Recently
proposed mechanisms of F-center formation are, discussed in light of the present results. We develop
mathematically convenient treatments for convolution of pulse shapes and intrinsic photochemical response in
several kinetic models.

I. INTRODUCTION

Recombination of electrons and holes in defect-
free parts of alkali-halide crystals generally
proceeds through a sequence of intermediate
states involving local rearrangement of the lattice
ions. For example, holes self-trap spontaneously
in alkali halides, becoming localized in molecular
orbitals formed principally from the valence shel. ls
of two adjacent halide ions which are thereby
bonded in a relaxed lattice configuration. ' The
xcited states resulting from capture of an elec-

:ron by a self-trapped hole, i.e., self-trapped.xcitons (STE), give rise to most of the intrinsic
recombination luminescence in alkali halides. "
Relaxation of free electrons and holes to the lu-
minescent STE states involves several processes
describable by characteristic times. It is general. -
ly assumed that hole self-trapping occurs in
times of the order of)0-"—'10-' sec. Self-
trapping of a low-energy exciton may take sub-
stantially longer than this at low temperature. 4

No direct measure of these relaxation times has
yet been attempted, though a measurement could
in principle be made by monitoring the charac-
teristic uv-absorption band of the self-trapped
hole or the corresponding transition of the self-
trapped exciton (STE). Self-trapped holes capture
conduction electrons within a time which depends
on carrier concentration. One important result
of the work presentl. y being reported is the estab-
lishment of an upper limit (10 psec) on the time
for electron capture by self-trapped holes at
carrier densities in the range 10"-10"cm '.

An electron bound in a high Rydberg state about
the self-trapped hole must relax across large

energy gaps separating the lowest STE states
(e.g. , 2 eV in NaC1) before reaching the lumines-
cent triplet state, 'Z'„.' For this reason, relax-
ation to 'E'„might be expected to require a time
as long as 10 ' sec. %e have investigated the
time for relaxation to the l.owest STE triplet state
in NaCl at 15 and 295 K by monito'ring the onset
of absorptive transitions out of 'Z'„after electron-
hole generation. The subnanosecond decay of
this state to the ground state at 295 K has al.so
been observed, and the yield of electron-hole
pairs reaching 'Z'„has been measured. The popu-
lation of 'Z'„ in NaCl at low temperature apparently
occurs much faster than the corresponding process
observed in KI by Suzuki and Hirai. '

Self-trapped excitons are also central to the
photochemical damage process of vacancy-inter-
stitial pair production in halides, and provide
channels for rapid nonradiative recombination
across the band gap (typically 6-12 eV). Forma-
tion of unstable E.-H pairs represents in some
cases the dominant relaxation channel. The E
center is a',halide-ion vacancy'trapping one elec-
tron and the H center is the complementary inter-
stitial halogen atom. A close E-H pair is ap-
parently unstable against restoration of the crystal
ground state on a time scale of microseconds or
much less. ' Defects that achieve larger separa-
tions may be stable, particularly at low tempera-
ture.

Time-resolved optical measurements are par-
ticularly useful in identifying reaction routes, in
determining formation times, and in measuring
the formation yield of inherently unstable pro-
ducts. Using short-pulse laser techniques, we
have investigated E-center production on the
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scale of 10 "sec. An initial. study of the E-center
formation time in KC1 using these techniques ha@

been described in an earlier I etter. ' We have
repeated those measurements with refinements
in the apparatus and have performed additional
experiments to place limits on the sample tem-
perature during irradiation and on the role of
preexisting defects. The short-pulse techniques
have been used to make measurements of the
absolute efficiency of formation of primary de-
fects, defined as those observable 46 psec after
initial. excitation of the crystal, at temperatures
from 12 to 880 K in crystal KCl. %e have per-
formed exploratory experiments to observe optical
absorption resulting from ultra-violet excitation
of molten KCl, presumabl. y due to photochemical. l.y
produced "defects" in the liquid.

NaBr was chosen for study as a material whose
E band is accessible to our 532-nm probe pulse,
and that differs from KC1 in having an E-produc-
tion efficiency that is very small. at low tempera-
ture and increases with temperature in anti-cor-
relation with the intrinsic luminescence. In both
NaBr and NaCl there is evidence of a component
of absorption which is produced very rapidly and
decays in less than the 25-psec duration of the
probe pulse. A similar rapidly decaying compo-
nent of absorption has been reported for KI by
Suzuki and Hirai. ' Possible explanations for
such short-l. ived absorption include very close
E-H pairs and "hot" self-trapped excitons.

Beyond our immediate interest in exciton relax-
ation and production of lattice defects in alkali
halides, the experimental techniques of photo-
physics developed or extended in this work should
be generall. y applicable to many material. s.

of defect-formation time, the fourth harmonic
was produced in 90' phase-matched ammonium
dihydrogen phosphate (ADP) with a limiting ef-
ficiency of about 8% relative to the 1.064-p. m
fundamental.

Since our earlier Letter, ' we have modified
the apparatus used for the study of E-center
formation time to allow for a simpler and more
accurate determination of relative delay between
excitation and probe pulses. In the present ar-
rangement (Fig. 1), the combined green and uv
pulses, coincident except for group-velocity dis-
persion in the fourth-harmonic generator, pass
under mirror M, and are incident on a 45 fused-
silica prism (P) oriented for minimum deviation.
After reflection from a translatable reflector (M, ),
the dispersed uv pulse (U) returns to the prism,
el.evated so as to emerge slightly above the in-
cident beam. Similarly, the green pulse 6,
partially reflected by mirror M, emerges from I'
collinearly with U. Hairline marks on the prism
are used for accurate alignment. Pulses U and
G„now above the plane of the incident beam, are
reflected by mirror M, toward the sample as ex-
citation and probe pulses. Since mirrors M, and
M, are located side by side with edges about
1 mm apart, their relative displacements can be
directly compared within +10 p, m by the use of a
machinist's microscope. Then from detailed con-
sideration of the optical-path geometry and group-
velocity dispersion, the relative mirror posi-
tions for pulse coincidence can be established.
The smallest uncertainty in pulse coincidence at-
tainable with the techniques of sighting and align-

II. ABSORPTION RISE TIME

A. Experiment

SINGLE PULSE SOURCE

l.064 p,m; 50ps8c

d-KDF'

552 nm

qADP)

266 nm

In these experiments, a passively mode-locked,
pulsed YA16:Nd laser oscillator provided trains
of 1.06-p.m pulses in the TEN«mode. Single
pulses with energies of 0.5 —1.0 mJ were selected
by a Pockels cell operated from a laser-triggered
spark gap. The mean pulse duration was 30 psec
with an extreme fluctuation range of about +5 psec,
as determined in previous streak-camera and
two-photon-fluorescence measurements. The
pulses had approximately a symmetrical Gaussian
shape. An amplifier provided gain up to 25 for
those experiments requiring more than the oscil-
lator energy. The second harmonic (532 nm) was
generated in deuterated potassium dihydrogen
phosphate (d-KDP) with efficiency ranging from
about 40% without the amplifier to about 60%
with 20 x amplification. For the measurements

DELAY LINE
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FIG. 1. Apparatus for measurement on a picosecond
time scale of absorption at 532 nm following two-photon
excitation by a 266-nm pulse. Pulses G» G2, G3, and
V are reference, early probe, late probe, and ultra-
violet excitation pulses, respectively.
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ment developed over the course of this investiga-
tion is estimated to be +1 psec. For most of the
data presented here, the uncertainty in determin-
ing pulse coincidence is +3 psec. Uncertainties
in the absorption data and in the curve-fitting
procedure are comparable or larger.

Green light transmitted by the partial mirror
M, is returned collinearly with G, by a pair of
mirrors (M~} arranged in the vertical plane. This
pulse (G,) serves to assess absorption several
nanoseconds after excitation. In the present work
G3 fol lows G, by 7 nsec . An intensity ref erence
for normalization (G, ) is developed by directing
the green pulse reflected from the first surface
of the prism to the photo-diode (PD) along a path
a few nanoseconds shorter than that of the probe
pulse. Green and uv pulses are focused into the
sample by a fused silica lens (L,) as in the pre-
vious work. The green probe pulse comes to a
focus near the first surface of the sample and is
centered on a larger defocused uv spot. The
green focal spot on the crystal, is imaged onto the
photo-diode or for setup, onto a viewing screen
with a magnification of about VO. Three pulses
appear on the oscilloscope screen in time se-
quence. U (not part of the display} can be shifted
in time relative to G„G„and G3.

The high-purity single-crystal KCl used in these
experiments was grown at the Naval Research
Laboratory by the Bridgman method, under an
atmosphere of argon saturated with carbon tetra-
chloride. This treatment has been shown to re-
move virtually all anionic contamination and al.l
cations except the a,lkali and alkaline-earth
metals. Hydroxyl-ion contamination is approxi-
mately 0.2 ~ 10 ' OH per Cl". , Pieces measuring
typically 14 & 14 & 1 mm' were cut from the cen-
tral region of the crystal and polished. (Some
samples with cl.eaved surfaces were also used in
experiments, with no evident difference in re-
sults. ) The bulk absorption coefficient of this
crystal at 10.6 p.m was measured calorimetrically
to be 10 4 cm '. This is only about 25/0 above
the intrinsic multiphonon absorption level and
attests to the high purity of the material. The
NaC1 and NaBr crystals used in this work were
grown at Harshaw Chemical Co. and Naval Re-
search Laboratory, respectively.

For low-temperature experiments, the sample
was mounted in a cold-finger cryostat. LiF and
CaF, windows in the cryostat were used for the
production-yield experiments. In all the experi-
ments the uv beam was well out of focus when
passing through the windows, and no significant
nonlinear or transient absorption effects mere
found even in SiO, windows. The energy density
of absorbed uv, typically 0.5 Z/cm', produces no

significant heating of the sample at temperatures
of 78 K and higher. If all. of the absorbed ultra-
violet light were to be dissipated immediately as
heat, the irradiated spot in a KCI crystal. initially
at liquid-helium temperature should 'reach about
23 K. Since a significant fraction of the absorbed
energy is radiated as luminescence or stored in
the form of lattice defects and trapped charges;
the actual temperature rise should be less. To
provide an experimental test of the uv-pulse-
induced temperature rise at nominal liquid-
helium temperature, we have measured the decay
time of luminescence from the lowest triplet
state of self-trapped excitons created in KCl by
the uv pulse, under the same typical pulse-pomer
conditions used for the E-center absorption ex-
periments. The KC1 luminescence is known to
decay with a time constant of 5 msee at tempera-
tures below 12 K.' The time constant drops by
about two orders of magnitude between 12 and
20 K." Under the test conditions, we measured
the luminescence decay time to be 5.0 msec, with
no evidence of multiple decay components that
would arise from nonuniform heating of some
areas above 12 K. Thus we conclude that the
local temperature after uv-pulse irradiation in
the experiments on KC1 was no higher than 12 K
when liquid helium was the coolant. This is in.
fact a lower temperature than wouM be expected
if luminescence and E-center formation were the
only channels competing with heat production.

B. Data analysis

Let G„G„and G, denote transmitted pulse
energies when no ultraviolet pulse is allowed to
strike the sample. Let G,', G,', and G,' be the
transmitted energies when the sample is excited
by an ultraviolet pulse which is advanced a time
& relative to pulse G, . Then the effective optical
density for probe delay & is

D(&) = log, .(G,'G./G, G.') .
The optical density after a fixed delay of 7 nsec
is a similar expression involving G,'G, and G,G3.
The experimental data are displayed as the ratio
D(4)/D(V nsec), typically normalized to unity at
the maximum relative density attained, D,„/
D(V nsec}. Error bars represent +otV ', where
o' is the standard deviation of 8 data points at a
given probe pulse delay.

If the optical absorption rises on the time scale
of the laser-pulse duration, analysis of the onset
of absorption requires treatment of convolution
integrals (see the Appendix). The green-probe-
pulse intensity G(t) is taken to be a normalized
Gaussian function whose typical full width at half
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maximum (FWHM) is 25 psec. The rate of two-
photon carrier generation in the sample should
then be approximately a Gaussian function C(t)
whose width is between 0.5 and roughly 1 times
the width of 6, depending on pulse depletion and
group-velocity mismatch in the redoubling
crystal. With E(t, &) representing the fraction
of the maximum density D which has developed
by time f, we write an expression for D(d, ):

p{d)=—)o{{„f dtG(:)exp[ adp(t, d)]-,
a Co

where

p(t, .d)= f dt IC(t 't )C(-1 +'d).'

(2)

G(f) and C(t) are both normalized to unit area,
and a=2.303D . K(t-t') describes the intrinsic
coloration process. For the material studies
presented here, it is not necessary to introduce
coherent coupling between the excitation and probe
pulses (see the Appendix and discussion of
NaBr),

In Fig. 2 we plot several members of the family
of curves parametrized by D, assuming that
population of the absorbing level is instantaneous,
i.e., taking K(f —f') to be unity. Figure 2(a) cor-
responds to the case in which both the excitation
of carriers and the probe pulse have equal widths,
Wc = Wo. Figure 2(b) represents the case Wc
=0.5$'&. Calculations for square pulses and tri-
angular pulses have yielded results very similar
to those for the Gaussian pulses in Fig. 2. For
symmetrical pulses in general, D(0)/D, „is in-
dependent of pulse width as long as 5'~ and 8'&

scale together. For useful working values ofD, the fraction D(0)/D, „ is almost indepen-
dent of the relative widths of excitation and probe
pulses and has a value near 0.4.

A small delay in the physical process of popu-
lating the absorbing level can be most simply
represented in this model by taking K(f -f'- 5) to
be a step function which is zero for negative
argument and unity otherwise. The effect is to
translate the curves in Fig. 2 by 5. Then by noting
the value of 4 for which D(A)/D =0.4, one can
make a quick estimate of the physical delay time.

Another tractable model assumes exponential
growth of absorbing centers:

(4)

The time constant 7 then serves as at least an
approximate characterization of the speed of pro-
duction of the absorbing species. In the Appendix,
Eqs. (2)-(4) are developed (n a form that can be
conveniently used in curve fitting.

If the population of absorbing centers decays ex-

ponentially with the time constant v„ then the
function

K(f -t') = ' expI ~2 (f -f')
T2 Tg T2

1x f ~exp
~l ~2

is to be used in Eq. (3). (D,„may then be re-
defined depending on the values of T, and T,.)
Equation (5) comes from considering a simple
three-level system governed by first-order
kinetics, in which the upper level decays to the
middle level with time constant v„and the mid-
dle level decays to the I.owest level with time con-
stant v', . The middle level could represent E
centers, for example, with the first and third

0 I

RELATIVE DELAYp

idth

I 0 I

RELATIVE DELAYp

(in assessment pulse widths}

FIG. 2. Family of curves representing Eq. (2) under
the assumption of an instantaneous process of colora-
tion, E(t-t')=1, is plotted for several values of the
parameter a =2.303DI~. In (a) the excitation and probe
pulses are of equal width, while in (b) the excitation
pulse is half the duration of the probe pulse.
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levels representing the I precursor and crystal
ground state. Applying Eq. (5) to the data of
Suzuki and Hirai' for KI at liquid-He tempera-
ture yields v, =12 psec and v', =15 psec. This
and the more general problem of serial decay
are discussed in the Appendix.

In fitting our present data, we have in some
cases hypothesized that the observed absorption
is the sum of a stable component and a separate
unstable component. In principle, we would then
take E to be a sum of terms proportional to
Eqs. (4) and (5). In some cases the formation and

decay times of the unstable component have
typically been shorter than the laser pulse, and
there is not enough detail in the data to extract
both time constants reliably. As a simplification
in such cases, we assume that the unstable com-
ponent is formed instantaneously, and write

~(f f, ) g (I -(t-t') /r
) ( -(t t') /t't (6)

C. F centers in KC1

Figure 3 shows the rise of 532-nm absorption
in KCl at T = 12 K after two-photon generation
of electron-hole pairs. Since 532 nm is very
near the peak of the E band at low temperature,
and in view of spectral measurements at 85 psec
reported earlier, ' we can be reasonably confident
that the rise of absorption in Fig. 3 corresponds
to the production of I' centers. These data are
essentially a repeat of previously published re-
sults for KCl. ' The difference is that with the
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FIG. 3. For KC1 at T = 12 K, we plot fractional opti-.
cal density D(b,)/Dm~ after the 266-nm excitation pulse.
The curve is a best-fit convolution of pulse shapes with
an exponential form for defect production [Eqs. (2) And

(4)], yielding 7 = 9 psec. Error bars denote +@N
where g is the standard deviation of N measurements
at a given delay.

D. Self-trapped excitons in NaCI

On the right-hand side of Fig. 4 is shown the
transient absorption spectrum of metastable
triplet self-trapped excitons in NaCl, as mea-

NaCI
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FIG. 4. Energy levels of the self-trapped exciton in
NaCl are shown along with the transient absorption
spectrum as measured a few microseconds after elec-
tron pulse excitation at 10 K (Ref. 5). The transient
absorption spectrum also includes the I' band shown by
the dashed curve. The heavy arrow originating in
3Z„' corresponds to absorption of a 532-nm probe photon
in the present experiment. The dashed arrow is a
schematic representation of the population of 3Z„' from
free-carrier states, observed in this experiment to
occur in less than 5 psec. The 3-nsec fluorescence and
340-p sec phosphorescence transitions are also indi-
cated.

apparatus of Fig. 1, zero delay can be determined
more precisely than before, and by means of the
experiment on luminescence quenching, the tem-
perature of. the irradiated spot is known more
accurately. Fitting the data to Eqs. (2) and (4)
with W'& =8'& =25 psec and D,„=0.5 yields the
rise time v = 9 psec. The estimated uncertainty
is +5 psec. A rise time v = 11+9 psec in KCl
was found in Ref. 8.

Fitting the data with a single exponential
component clearly involves some assumptions.
However aside from a small. dip occurring just
after the maximum absorption is attained, there
is no indication that the more complicated ex-
pressions, Eqs. (5}or (6}, are needed. The ab-
sorption decays to about 80$ of its maximum
vat.ue in V nsec at 12 K.
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sured following electron pulse excitation at low
temperature. ' Energy levels are represented
on the left-hand side of the figure. The initial
state for both the intrinsic 367-nm luminescence
and the observed transient absorption is
'Z'„(o„, v~) where the hole occupies a 3p o„orbital
localized on the relaxed chloride-ion pair and the
electron occupies a rather extended o~ orbital
about the Cl, core. At temperatures below 50 K,
the lifetime of 'Z'„ is 340 p.sec. The low-energy
absorption peak and its shoulder (shown shaded)
have been attributed to Rydberg-like excitations
of the electron bound to the self-trapped hole. '
The series limit ('Z'„) is approximately 2.8 eV.
According to available data, there is an energy
gap of about 1.8 eV between 'Z'„and the next-
higher state at the equilibrium relaxation coor-
dinate for the STE." Therefore if 'Z'„ is populated

directly from 3Z~(&r„, o„) across a 1.8-eV energy
gap, one might expect a substantial delay in pop-
ulation of Z'„. In the present experiment, two-
photon absorption of the 266-nm laser pulse
creates free electrons and holes. The experi-
ment measures the onset of absorption corre-
sponding to transitions from 'Z'„ to states lying
just above 'Z;(o'„, o„). The rise time of absorp-
tion is thus a measure of the time of relaxation
from free electrons and holes to 'Z'„. The results
for low temperature (T= 15 K) are shown in Fig.
5(a). The dashed line is a convolution of Gaussian
excitation and probe pulses according to Eqs. (2)
and (3), assuming instantaneous relaxation to a
stable absorbing state. (Parameters are Wo = We
=25 psec and D =0.65.) The experimental
onset of absorption precedes this model curve
by a margin which is outside the experimental

I.O-

X
O

~ 06-E

0.4-CI
Cl

0.2-

0 ~
0 I

-40 -20 0 20 40
(psec)

(a)
NaCI
7=I5 K

I I

60 80 IOO

FIG. 5. (a) For NaC1 at T=15 K, we plot fractional
optical density D(4)/D~~ at 532 nm vs delay (4) after
the 266-nm excitation pulse. The dashed curve is a
convolution of pulse shapes assuming instantaneous for-
mation of stable defects. The solid curve is a best-fit
convolution of pulse shapes with two components of ab-
sorption [Eq. (7)]. Both components are assumed to be
formed instantaneously. One remains stable on this
time scale, and the other decays in about 2.5 psec. (b)
Fractional optical density at 532 nm in NaCl at 295
and 15 K is shown for longer times after excitation.
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S~
I I I I I I I I I I I I I I I I I I I I 5 ~ I I I I 5 i I I-50 -20 0 20 50 100 15O

' ' S00' '
7OOO

PROBE PULSE DEL4Y, 6 {psec)



R. T. WILLIAMS, J. N. BRADFORD, AND %. L. FAUST 18

error in determination of pulse coincidence. A
better fit is obtained with Eqs. (2) and (6), in-
cluding a second component of absorption that
decays rapidly. The resulting time constants
are v = 0 for the rise of absorption that remains
stable during the interval shown, and v, =3 psec
for the decay of the second component. In using
Eq. (6), the second component is assumed to rise
instantaneously. Other parameters are C, /C,
=2.5 and 5'~ = S'& ——25 psec. Because of the number
of parameters involved, the time constants and
ratio C,/C, are known only approximately.

The long-lived component of absorption is ef-
fectively linked with the spectral measurements
made by 6lectron-pulse excitation. ' The rapidly
decaying component of absorption has some
precedent in the observations on KI by Suzuki and
Hirai. ' They ascribed a short-l. ived component to
very close or "incomplete" E-H pairs. This is a
possible explanation for our observation in NaCl,
since the absorption due to cj.ose E-H pairs can be
expected to lie between the normal E band and the
low-energy STE band. That is, our 532-nm probe
might be very close to the peak of such a per-
turbed E-center transition. Inspection of Fig. 4
reveals another possible origin of the short-lived
absorption in NaCl. Our probe samples the steep
edge of the 2-eV band and should therefore regis-
ter an increase of absorption if the band is
thermally broadened, where all else remains the
same. Since the lowest STE tripl. et state lies
about 3 eV below the ini.tial 9.32-eV excitation
energy of the e-h pair, relaxation to that state
will be accompanied by substantial vibrational
excitation of local lattice modes. It is thus pos-
sible that we are observing vibrational cooling of
the newly created STE triplet during the 25-psec
laser pulse. Spectral measurements with better
than 10-psec resolution would provide more cer-
tain identification.

It is especially interesting that the time required
for free electrons and holes to relax to the lowest
STE state 'Z'„ is so different in KI and NaCl.
Suzuki and Hirai found the relaxation process to
take 210 psec in KI at liquid-He temperature, '
whereas it takes less than 5 psec in NaCl at 15 K.
Data on the thermal quenching of the lowest STE
triplet state in the temperature range 11 to 100 K
have been found to fit an equation relating the
observed lifetime r to the radiative lifetime v'&

and thermally activated nonradiative decay":

I/v =I/r„+ve s"'.

For NaCl,

v„=3.4x10 ~ sec,
v =4.1 x 10

E=0.099 eV.

Our initial interest in making measurements
of absorption rise times in NaBr was provoked by
the contrast between the temperature dependence
of stable defect yield in NaBr and KCl. The ef-
ficiency of formation of stable E centers in NaBr
is very low at temperatures below about 150 K
and then increases in anticorrelation with the
self-trapped exciton (STE) luminescence. '4 In
KCl E centers are formed with rather high ef-
ficiency even at 4 K, and anticorrelation with
STE luminescence is not apparent. The possibility
that a different, possibly slower, defect-forma-
tion mechanism is at work in NaBr led to our
measurements of the rise of 532-nm absorption,
since the E-band peak in NaBr is about 540 nm
at low temperature.

The measurements in NaBr at 295 K are shown
in Fig. 6. The curve is a pulse convolution in-

l,0-

0.8-

X
O
E 0.6-

C5

CI
0.4-

Cl

0.2-
Naar
T= 295 K

0-40 -20
I I I I

0 20 40 60 80 IO0

(psec}

PIG. 6. For NaBr at T=295 K, we plot fractional op-
tical density at 532 nm vs delay g) after the 266-nm
excitation pulse. The curve is computed from Eqs.
(2), (4), and (5), assuming that a stable absorption com-
ponent grows with exponential. time constant v = 38 psec,
and that an unstable component grows with v' q= 10 psec
and decays with ~ 2= 5 psec.

The present data afford an opportunity to test the
applicability of this formula to self-trapped
excitons at a temperature where the luminescence
is fully quenched. The value of v' at 295 K pre-
dicted by Eq. (I) is 1.2 nsec. Relying primarily
on the point at 280 psec, the present data are
consistent with v'= 0.38 nsec. The absorption
persisting at 7 nsec is probably due to the Eb@nd,
which partiaI. ly overlaps the 532-nm probe wave-
length at room temperature.

1. NaBr
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eluding a stable component of absorption described
by Eq. (4) with v=38 psec, and an unstable compo-
nent described by Eq. (5) with r, = 10 psec, and
v;= 5 psec. Possibil. ities for the origin of the ab-
sorption include unstable E centers or short-
lived states of self-trapped excitons. Detailed
spectral measurements will. be required to sort
out the possibilities. Thus a new temporal com-
ponent of absorption induced in NaBr by e-h pair
generation has been found, but these rise-time
measurements have not yet adequately answered
our initial question about the rate of E-center
production in NaBr.

The 1s exciton peak in NaBr at T =10 K is at
6.71 eV,"compared with the energy (7.02 eV)
corresponding to the sum of a 266-nm photon and
a 532-nm photon. Thus we must consider the
possibility that the 532-nm probe light might be
absorbed by a two-photon process involving the
266-nm pulse when the uv and green pulses over-
lap in the sample. Frohlich and Staginnus" have
shown that in KBr, which also has the low-tem-
perature ls exciton peak at 6.71 eV, the two-
photon absorption threshold is 7.26 eV at 20 K
and about 7.10 eV at 80 K. By analogy, two-
photon absorption of 266- and 532-nm photons
in NaBr is marginally possible. However, two-
photon absorption would only be evident in Fig. 6
as a peak centered at & = 0, and cannot contribute
to the absorption which is observed at times longer
than about 20 psec after pulse coincidence.

III. PRIMARY-DEFECT PRODUCTION EFFICIENCY

An attempt to measure the absolute yield of
lattice defect formation in halide crystals neces-
sitates a definition of the time scale on which the
defects are recognized as existing. One may,
for example, restrict attention to those defects
which are observable on time scales accessible
to most traditional measurement techniques, i.e.,
times longer than a few seconds. It is this def-
inition of the defect problem which relates in a
practical sense to material properties in steady
state. Stabilization of the defects is then a major
factor determining the production efficiency.

The term primary defects" has been used to
designate the more inclusive category of all
vacancy-interstitial pairs formed initially, i.e.,
including those which are ultimately annihilated
or altered as the stabl. e population is established.
It is expected that photochemical processes or
relaxation dynamics, rather than stabilization of
the reaction products, will be the main factors
in primary-defect production. As Sonder has
pointed out, however, even this more inclusive
category is subject to the definition, related

closely to measurement technique, of what con-
stitutes the initial defects. " In recent measure-
ments of formation efficiency based on annihila-
tion of aggregate centers by interstitials, he -con-
sidered that the primary E-II pair production
efficiency relates to E centers and II centers which
achieve sufficient separation that they move more
or less independently of one another. " In time-
resolved spectroscopy utilizing electron pulse
excitation the primary defects have been consid-
ered to be those observable on a nanosecond time
scale. It is probably not true that the same popu-
lation is being studied in both cases. In addition,
there might be other defects recombining in
subnanosecond times, especial. ly at high tempera-
tures. Using techniques of picosecond optical
spectroscopy, we have undertaken in the present
work to extend the temporal limits on the measure-
ment of primary-defect production yield to the
range of 10 "sec.

A. Experiment

The measurement of defect production yield
requires a determination of the uv energy density
deposited in the crystal and of the resulting defect
popul. ation. To make that possible, the test region
must be uniformly irradiated by the uv, and the
relatively small probe spot must be centered
within the uv spot. Fourth-harmonic generation
for the experiments on defect production yield
was accomplished using deuterated KDP, which
afforded conversion efficiency of about 17@ rela-
tive to 532 nm and better beam quality than with
temperature-tuned ADP. Spatial examination of
the beams with a silicon-diode array indicated
that the second-harmonic beam profile was nearly
Gaussian and that the fourth-harmonic beam gen-
erated in deuterated KDP was approximately
Gaussian with a low-frequency, low-contrast,
noiselike modulation. For the formation-time
measurements, spatial modulation in the uv
pulse is of less concern. However, the produc-
tion-yield experiment demands a uniform distribu-
tion.

In the apparatus that fulfills these requirements
(Fig. 7), pulses 6, and U are centered on a 600-
p.m pinhole in their path to the sample. Assum-
ing a Gaussian intensity distribution across the
probe beam, the pinhole aperture is uniformly
illuminated within about 5. The spatial modula-
tion on the uv beam was fairly reproducible, and
it was possible to choose a region of the uv beam
in which there was little structure within the
pinhole aperture. . The diode array indicates a
deviation from uniformity of less than 10%,
adequately satisfying the experimental. require-
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SINGLE PULSE SOURCE

t.064 p,m; 30 psec

)I d-KDP I

532 AfA
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' ~l

d-KDP

266 nm

well defined throughout the sample thickness.
For a 1-mm crystal, the cross-sectional area of
the beam increases from front to back by about
15/p.

B. F centers in KCl

FIG. 7. Apparatus for measurement on a picosecond
time scale of the production efficiency of photoinduced
defects or excited states. The incident {U;) and trans-
mitted {U&) 266-nm excitation pulses, as weQ as the
reference (G&) and probe (G2) 532-nm pulses are re-
corded by means of a pyroelectric energy probe (EP)
and calibrated photodiode (PD). Acircular spotof known
size and nearly uniform ultraviolet illumination is ob-
tained by imaging a 600-pm pinhole (PH&) on the sur-
face of a thin sample.

ment. Observation of two-photon-induced F-
center coloration during alignment also proved
a useful guide in attaining conditions for uniform
ilt,umination.

Lens I., forms an ultraviolet image of the pin-
hole on the front face of the sample. Since the
pinhole diffracts light, care must be taken that
the image on the sample is of the pinhole and not
of a strongly ringed diffraction pattern that ap-
pears beyond the pinhole. Microscopic examina-
tion confirmed that the probe beam was adequately
centered within the uv-irradiated spot. To pro-
vide a gauge of absolute energy, a fused-silica
beamsplitter (S,) reflects part of the uv pulse
through an imaging 1.ens to a pyroelectric energy
probe (EP). After correction for reflectance of
S, and reflection losses in lenses and windows,
this yields the uv energy incident on the sample
(U;). The ultraviolet light transmitted by the
sample (U, ) is partially reflected by beam splitter
S, to the photodiode (PD). With no sample in
place, the photodiode is calibrated to give absolute
uv energy, and the difference between the incident
and transmitted energies, corrected for reflec-
tion at the sample surfaces, is the uv energy
absorbed by the crystal.

The samples we have dealt with are al.l thin, of
the order of I mm or l.ess. With the pinhol. e
imaged on the samp1. e, the uv beam is conical. and

Using the experimenta1. arrangement of Fig. 7,
with the 532-nm probe pulse fol.l.owing the 266-nm
excitation pulse by 46 psec, the two-quantum
ultraviolet energy deposition and the resulting
532-nm absorption in KCl were measured as a
function of temperature between nominal
liquid-helium temperature and 880 K. With the
known temperature dependence of the F- band
width and peak position as detailed below, these
measurements yield the efficiency for production
of primary F centers —i.e., that fraction of elec-
tron-hole pairs excited with 9.32 eV energy which
yield E centers observabLe 46 psec later (Fig. 8).

In relating the measured optical density to the
number of E centers produced, we have used the
Smakula equation for a Gaussian band. The ex-
perimental conditions assure that the co1.oration
density is nearly uniform in any plane perpendic-
ular to the propagation direction of the probe
beam. The distribution a1.ong the propagation
direction is not uniform, but the Smakula equation
can be readily written in a form relating the
optical density to the number of centers encoun-
tered per unit cross-sectional area sampled by
the probe beam, regard1ess of the longitudinal.

I I I

KCI

lh
IK
hlI-
K~02- 4

a

I I I I I I I

200 400 600 800
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FIG. 8. From measurements of 532-nm absorption
made 46 psec after band-gap excitation of KCl by a
266-nm pulse, the number of I' centers produced per
two-photon absorption event has been computed. The
production efficiency has been corrected for the tem-
perature dependence of the E-band spectrum and ap-
proximately for a small component of 532-nm absorp-
tion due to self-trapped excitons.
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distribution:

E„=2.340 —0.027 coth(71.0/T) . (10)

At low temperature, our probe wavelength of
532 nm (2.33 eV) is very near the peak of the E
band. At higher temperatures the peak shifts
to longer wavelengths, but because of simulta-
neous broadening of the absorption, the 532-nm
probe wavelength falls well within the E band
even at 880 K. For the point at 12 K in Fig. 4,
we have taken the E-band width to be 0.22 eV as
suggested by the 85-psec spectrum in Ref. 8. This
is intermediate between the stable E-band width
at 12 K of 0.163 eV and the perturbed width of
0.30 eV found by Hirai et a$."

In the present experiment, we measure the
total absorption at 532 nm, which includes a
small contribution from self-trapped excitons in
addition to E centers. From the data of Ref. 5 it
is seen that STE bands constitute about 12% of
the total absorption at 532 nm as measured 1 gsec
after excitation at 10 K. We have reported low-
temperature spectral data in KCl measured
about 85 psec after E-band formation, using
three additional probe wavelengths derived from
532 nm by stimulated Haman scattering in ben-
zene. s The data are consistent with STE absorp-
tion roughly 10% of the E-band peak, bu~ no more
than 25%. The correction to be made for STE
absorption at higher temperature is less certain,
because the corresponding spectral data do not
yet exist. We assume that the branching ratio of
electron-hole pairs to the lowest triplet STE
state does not increase with temperature above
12 K in KCl. This is consistent with luminescence
data. Then the correction for STE absorption is
approximated in Fig. 8 by subtracting 0.02, the

-2 0x10" ~D
cm' ' (n'+2)' f

where D is the optical density at the peak of the
band, lV is the FWHM in eV, and n is the refrac-
tive index. For the E band in KCl, and for the
Lorentz effective field used in the Smakula equa-
tion, we take the oscillator strength to be f= 0.58.
This is the average of four determinations listed
in a recent review by Smith and Dexter. ' The
refractive index at 530 nm in KCl is 1.494 at
293 K, and is corrected approximately for tem-
perature by taking dn/dt =-3.6 x10 ' (K ') to
apply at all temperatures. "

The E-band width in eV as a function of tempera-
ture in KCl can be written'

W = 0.163[coth(71.0/T) j
'+

and the peak position shifts with temperature
according to

0.2
O

K
CO
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FIG. 9. Ratio of optical densities at 532 nm measured
10 sec and 46 psec after band-gap excitation of KC1 is
plotted as a function of crystal temperature.

low-temperature STE contribution, from all
yields. With almost 80% of al.l electron-hole
pairs yielding an E center at 880 K, and 16% even
at temperatures as low as 12 K, the production of
defects is cl.early a major channel for relaxation
of electronic excitation in KCl. From measure-
ments of luminescence efficiency, Purdy et al.
have found that about 10% of electron-hole pairs
created in KCl at low temperature yield intrinsic
luminescence from the self-trapped exciton."
Thus E-center production competes favorably with
population of the lowest relaxed exciton levels,
and at high temperature it competes favorably
with all other processes combined.

Another aspect of Fig. 8 to be noted at this
stage of the discussion is that the defect yield is
apparently a monotonically increasing function of
temperature. This behavior is in contrast to the
complicated temperature dependence of the stable
E-center yield measured in steady state, as sum-
marized by Sibley and Sonder. " Figure 9 dis-
plays the ratio of the E-center yield measured
10 sec after band-gap excitation to the 46-psec
yield given in Fig. 8. The 10-sec yields were
measured with the same apparatus (Fig. 7) used
for measurement of yields at 46 psec. The fol-
lowing pulse sequence was employed: A 266-nm
pulse generated electron-hole pairs by two-
photon absorption, and a 532-nm pulse trailing
by 46 psec effected a measurement of the early
E-center absorption as detailed above. The
crystal then remained in darkness for 10 sec,
whereupon another single 532-nm probe pulse
was used to measur. e the residual absorption.
By repeating the measurement with one probe
pulse incident each second of the delay period,
it was determined that bleaching of the E centers
by one probe pulse is not significant.
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In the temperature range up to 300 K, the gen-
eral agreement between published yields of
stable E-center production and the 10-sec yields
in Fig. 9 is quite good. The main difference is
that the stable E-center yield reaches a maxi-
mum near 200 K and then falls off gradually
toward 300 K, whereas the 10-sec yield increases
up to 300 K and starts to decrease only above
400 K. This difference indicates that the E-band
absorption at room temperature continues to de-
crease on a time scale of 10 sec or more after
formation, up to times of the order of minutes
when most conventional measurements of defect
yield would be made. Also, we have observed
that at room temperature the E band in KCl de-
creases by about 35% in the first 5 nsec after
formation. Thus it can, be expected that the E-
center yield measured at 10 or 20 nsec after ex-
citation (e.g., by electron pulse} will display some
of the character of Fig. 9 as a function of tempera-
ture, since some annealing of close defect pairs
occurs within the measurement time.

A question crucial to the interpretation of all
the data being presented is whether the E centers
we observe by this technique are in fact new
lattice defects created by the ultraviolet laser
pulse, or whether bare anion vacancies (o. cen-
ters) already existing in the crystal are populated
with conduction electrons generated by the uv

pulse. In a previous Letter' we presented argu-
ments, based largely on the E-center relaxation
time of 0.6 p,sec, that electron capture at a
vacancy should not affect low-temperature mea-
surements on a subnanosecond time scale. Our
ability in the present work to measure absolute
defect yields affords an opportunity to address
the above question in a more quantitative fashion.
Thus, the defect yield in a virgin area of the
KCl crystal was compared to the yield (both at
46 psec and 10 sec} in an area of the crystal
which had been heavily colored by multiple ex-
posures to the uv laser pulse and then bleached
by exposure to white light. This treatment should
result in a sample containing a large concentra-
tion of negative-ion vacancies. Figure 9 indicates
that in the virgin KCl crystal at 12 K, the E-
center concentration remaining at 10 sec is only
6% of the concentration at 46 psec. However when

that same spot or another spot on the crystal
had been treated to introduce a high concentration
of bare vacancies, the coloration observable at
46 psec was l,ess than in the virgin crystal for the
same uv energy absorbed and the coloration sub-
sequently increased by a factor of up to 2.7 as
measured at 10 sec.

The increasing coloration between early and
late times in a crystal containing prior radiation

damage has previously been demonstrated for
pulsed electron irradiation of KCl.'~ The phe-
nomenon was explained in terms of the long re-
laxation time of an electron captured at a vacancy.
In the present work we have demonstrated that
the same argument holds under the conditions of
laser-pulse experiments. The lower 46-psec
yield in the vacancy-containing area of the crystal
probably is partly a result of vacancies and E
centers competing with holes for available elec-
trons, thereby reducing the e-h recombination
events available to initiate production of new E-H
pairs. Linear absorption of the 266-nm pulse
by damage products absorbing in the uv, thereby
depleting the uv energy available to make e-h
pairs, may also have an effect. The substantial
decrease of E-center concentration between 46
psec and 10 sec in the virgin crystal has already
been discussed in terms of annihilation of close
E-H pairs. Thus in summary we can say that
the signature of newly created E-H pairs at low
temperature is a decrease of the early (46 psec)
absorption to s6% at 10 sec, while the signature
of E centers formed by electron capture at va-
cancies is an absorption increasing to as much
as 2.7 times the initial value. These measure-
ments indicate that in our virgin KC1 samples the
typical photogenerated E-H pair concentration
exceeded the concentration of native vacancies
capable of single-pulse conversion to E centers
by a factor of at least 40. This conclusion should
preclude electron-trapping at vacancies from
having any substantial effect on the present mea-
surements in KCl.

A natural extension of our studies of the high-
temperature yield of defects in KC1 crystals was
to carry the study above the melting point. The
results are of interest in relation to questions of
polaron effects and temporary short-range order
in an ionic liquid, and may indicate a sort of
point-ion analog of the solvated electron problem,
which has been treated extensively in the litera-
ture." To perform the experiments we ground up
a pure single crystal of KC1 and loaded the powder
into a clean, dry fused-silica cell having a 1-mm
optical path length. This cell was placed in an
oven in the laser optical path and heated (in air)
to melt the KCl. Using the same techniques as
for solid samples, the liquid KC1 was excited by
a 266-nm pulse and then probed 46 psec later
with a 532-nm pulse. Transient absorption of
532-nm light resulting from the 266-nm pulse '

was distinctly observed. Since we do not presently
know the shape or width of the absorption band,
the data cannot be analyzed in terms of concen-
tration. Instead, we simply state that using the
same geometry hand spot size as for the solid-
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KC1 measurements, an absorbed uv energy den-
sity of 0.2 J/cm' resulted in optical density at
532 nm of 0.17. For comparison, 0.74 optical
density for 0.05 J/cm' absorbed energy repre-
sents the corresponding efficiency in solid KC1
at 880 K, where the absolute E-center yield per
e-k pair is about 0.8. An absorption band in
molten KC1 is likely to be very broad, so our
observations can be quite consistent with a high
yield of absorbing states.

In this regard, we note the recent observation
by Clark of an optical-absorption band in molten
KBr held in equilibrium with excess potassium
vapor, " At 1028 K, the band has a FWHM of
1.42 eV and .its peak is at about 1.20 eV, estimated
from data taken above 1.1 eV. For comparison,
the E band in sol.id KBr at SVO K has a width of
0.65 eV and its peak is about 1.75 eV."

At the uv power densities employed for the ex-
periments in liquid KC1, the transmittance of
266-nm light through 1 mm of solid KC1 would be
roughly 50%%uo at all. submelting temperatures. We
found that the 266-nm pulses were almost totally
absorbed in a 1-mm path of l.iquid KC1 a few
degrees above the melting temperature. This
change of absorptivity was reversible with sub-
sequent freezing or melting. The onset of uv
transmittance seemed to be prompt upon freezing,
but the transmitted light persisted (though fading)
for about 10 sec after melting. Strong absorption
of 266-nm light in liquid KCl is consistent with
the observations of Cl.ark, Skull, and Wells on
broadening of the fundamental absorption edge
in molten alkali halides. ' They found that the
absorption edge in liquid KCl ean be described by
the empirical Urbach rule,

u(E) = o.,exp[-o(E, —E)/kT],

where E,= 6.22 eV and o'=0.63.

C. Self-trapped excitons in NaC1

The efficiency of populating the STE state
'Z'„(c'„, o, ) in NaCl at 15 K, i.e., STE yield per
e-h pair created at 9.32 eV, was measured by
essentially the same techniques. used for E centers
in KC1. In NaC1 the 532-nm probe samples the
major l.ow-energy STE peak at a point where the
absorption is 40% of the maximum, as indicated
in Fig. 4. The probe does not sample the unper-
turbed Eband in NaC1 at l.ow temperature. To
relate optical density at the probe wavelength to
a number 8 of self-trapped excitons per irradiated
area of the sample, we use the Smakula equation
in a form similar to Eq. (5), but not assuming a
Gaussian band:

s= su.xylo", ",y'f s(s}ss.n'+2 '
The optical density D(E) was scaled to its mea-
sured value at the probe photon energy. Then
using the STE spectrum in Fig. 4, D(E) was
integrated over the spectral range (shaded in
Fig. 4) corresponding to the Rydberg series of
the STE. An oscillator strength (f) of unity was
assumed for the integrated Rydberg series. We
have used the Lorentz effective field, with the
refractive index 1.556. Dividing 8 by twice the
number of uv photons absorbed per unit area of
the sample, we find that the yield of self-trapped
excitons in the 'Z'„state is 0.19 per 9.32-eV ex-
citation at a temperature T= 15 K.

IV. DISCUSSION

A. Electron capture

In the present experiments, free electrons and
holes are created by absorption of two ultraviolet
photons totaling 9.32 eV. We observe that the
carriers experience mutual capture into states
at least 2 eV below the conduction-band edge
(e.g., E-H pairs or self-trapped excitons) in less
than 10 psec. From the measurements of defect
production efficiency and from the absence of a
slow component in the formation of E centers or
self-trapped excitons, we can infer that essen-
tially all of the initially free carriers must re-
combine or be trapped within 10 psec under the
present experimental conditions. This rapid re-
combination is observed throughout the tempera-
ture range from 12 K to the melting point of
KCI.

Because of the strong e)eetron-phonon coupling
in alkali-hal. ide crystals, the carriers thermal. ize
very rapidly. It is general. ly assumed that holes
self-trap very quickly, e.g., 10 "-10 "sec.
However, it is not immediately obvious that recom-
bination or deep trapping of the electrons should
occur in less than 10 "sec in these experiments.
For example, measurements of photoconductivity
in KBr and KI excited by two-photon absorption
across the band gap have shown that for carrier
concentrations below 10" cm 3 the carrier life-
time against recombination or deep trapping is
of order 10 sec. A carrier lifetime of 1 p,sec
under similar conditions in KI has been reported. '

Conditions in the p'resent experiment differ from
those of photoconductivity measurements in two
main regards. No electric field is applied in the
present work, and the carrier densities are
much higher, typically 5 & 10"cm '. The life-
times determined from photoconductivity were
approximately independent of applied electric
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(12)n(t) =n, (l+f/v) ', v=,(van, ) ',
where y is the time for n to fall to & its initial
value, v is an average electron velocity (the holes
are self-trapped), and c' is the cross section for
electron capture by a self-trapped hole to yield
defects, self-trapped excitons, or band-to-band
recombination. Since the half life in bimolecular
decay is inversely proportional to the initial con-
centratjon, carrier lifetimes of 10 ' sec observed
for np 10 cm ' couM scale into the picosecond
range for np=5 &10"cm '. If the present experi-
ments were done with initial carrier concentra-
tions smaller by one or two orders of magnitude,

field in the range 10'-104 V/cm employed in the
experiments. Furthermore, such fields are
smaller than the Coulomb field within a 100-A
radius of a unit electron charge imbedded in a
medium of dielectric constant 6. Therefore it is
unlikely that the applied electric fields used in
photoconductivity could reduce the deep trapping
rate by three to five orders of magnitude as
observed.

On the other hand, it can be expected that the
carrier recombination rate should increase with
carrier concentration. Band-to-band Auger
transitions have been shown to cause rapid re-
combination at high carrier densities in a num-
ber of semiconductors. " In this thx'ee-body
process, an electron-electron collision in the
presence of a hole results in nonradiative elec-
tron-hole recombination, with the third particle
gaining kinetic energy equivalent to the recom-
bination energy. However, such band-to-band
recombination would compete with the lattice
defect formation or exciton self-trapping which
we observe, rather than contributing to it. Since
the Auger recombination rate increases as the
third power of carrier concentration, one would
predict on that basis that an increas. e in the con-
centration of excited carriers should cause only
a very limited increase in the yield of E centers
or self-trapped excitons if Auger recombination
is important. This was specifically not observed
in our present measurements. The defect yield
was found to be proportional to the photogenerated
carrier concentration. Therefore we conc lude
that band-to-band Auger recombination is not an
important channel ht carrier concentrations of
order 5 x 10" cm"' in the alkali halides being
studied.

Instead, we suggest that the recombination at
fairly high carrier densities is governed by
second-order kinetics. In a simple model for
bimolecular decay, the time-dependent carrier
concentration n(t) is related to the initial con-
centration np by

the measured defect formation times might show
effects of the slower carrier recombination.

Since the total impurity or defect concentration
in most halide crystals is at least 10" cm ', it
is striking that capture of electrons at self-
trapped holes so dominates other trapping pro-
cesses when the carrier concentration is of the
order of 5 & 10"cm '. Evidently self-trapped
holes have very large el.ectron-capture cross
sections. Assuming that the election-capture
process accounts for the entire 9-psec E-center
formation time in KCl and that bimolecular kinet-
ics apply, we can estimate a lower limit on the
cross section for electron capture by a self-
trapped hole. A reasonable estimate of the
veloc'ity of a photoexcited electron corresponds
to one optical-phonon energy, since cooling to
about I~L& above the band edge proceeds very
rapidly by LO-phonon emission, and thereafter
by slower emission of acoustical phonons. In that
case, v=10' cm/sec and Eg. (12) yields v&2
x 10-~4 cm~.

B. Exciton relaxation

It will be helpful in the course of further dis-
cussion to refer to the qualitative configuration-
coordinate diagram for the exciton-defect system
shown in Fig. 10. The left-hand side of the dia-
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FIG. 10. Qualitative potential-energy curves repre-
senting two intersecting planes in the multidimensional
configuration-. coordinate space for electron-hole pairs
in alkali halides are shown, including free excitons at
A, self-trapped excitons at C, and I-H defect pairs at
nearest-neighbor (nn) and next-nearest-neighbor (nnn)
separations. Two coordinates of a halide-ion pair are
represented. The stretching mode (Q~) is largely res-
ponsible for self-trapping. Generalized translation of
the halide pair (Q2) begins the defect-formation process.
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gram- refers to exciton self-trapping. The coor-
dinate represented is the symmetric stretching
mode (along (110)) of a pair of nearest-neighbor
halide ions. Corresponding diagrams for specific
alkali-halide crystals have been discussed in
some detail. '" Coordinate vatue A. corresponds
to the perfect lattice. The zero of energy is taken.
at the valence-band (VB}edge, from which ex-
citations to free-exciton states (labeled
ls, 2s, . . . ) or conduction-band (CB) states may
occur. In all of the present experiments, two-
photon absorption of 266-nm light creates a free
electron and hole (e-A) near lattice coordinate A.
Subsequent relaxation of the e-h, pair may popu-
late one of the metastable radiative states of
the self-trapped exciton at coordinate value C,
i.e., 'Z'„(o'„, o~) or 'Z;(o'„, op). Ultimately the
electronic ground. state of the crystal is restored
by radiative or nonradiative transitions. Although
the band gap is from 6 to 12 eV in the alkali
halides, nonradiative transitions across the band

gap can occur with high probability. The dominant
mechanism is crossover to the ground state in
the relaxed lattice, 'Z~, which intersects the ex-
cited states for Q, coordinate values rather near
C.

The energy levels represented in Fig. 4 for
NaCI correspond to the Q, coordinate value C
in Fig. 10. The energy gap separating Z'„(o'„, o~)
and states near Z'„(a'„, v,*) at g is almost 2 eV,
and yet the relaxation to 'Z'„(o„, e~) takes less
than 5 psec. In retrospect that is not so surpris-
ing since three different paths for rapid relaxa-
tion can be identified in Fig. 10. 'Z~ cuts across
a1.1 the states, as does an entire Rydberg sequence
of states built on a e, rather than a a'„hole. The
lowest such state, II,(v„~~) is shown by the chain
curve. In addition, relaxation to the E-H defect
state in the right half of Fig. 10 has been shown
to be rapid and highly probable in KC1.8 Attempts
at defect formation which fail to achieve a metas-
table configuration and instantly undergo recom-
bination to populate a lower STE state constitute
a likely channel for rapid STE relaxation. A1.-
though there are evidently many possible paths
for rapid relaxation of higher STE states to
'Z'„(o„, v~) or 'Z~, it should be noted that there is
one higher state, 'Z'„(u„, o~), with a lifetime of
about 3 nsec. The rapid-relaxation channel is
evidently fairly selective.

C. Fomenter formation

Among the recent suggestions of mechanisms
for production of vacancy-interstitial pairs in
alkal. i halides, "there is general concurrence
on several basic points. These can be summarized

with the aid of the right half of Fig. 10, which
represents translation of the halide-ion pair
toward an interstitial atom configuration (the H
center), leaving behind a vacancy with one trapped
electron (the E center}. The diagram is to be
viewed as a slice through the complete configura-
tion-coordinate space for the e-A, pair in an alkali-
halide lattice, intersecting the plane correspond-
ing to coordinate Q, near point C. The coordinate
Q, is represented schematically as translation
of two ions along the line joining their centers.
The true motion is likely to be more complicated,
possibly involving rotation of the ion pair in
moving toward the nearest-neighbor interstitial.
position. '~ The subsequent motion comprising
a halogen-atom replacement sequence has been
discussed elsewhere. "'"

Present models and experiment agree that defect
production is not initiated from the radiative STE
states in most, if not all, alkali halides. The
lowest state capabl. e of initiating defect production
in KCl has an energy near Z~(v„, o„). Since the
final defect state E(1s)+H(o„}correlates adiabati-
cally with Z'„(o„,&~) the defect precursor (marked
P in Fig. 10) at or near Z~(o'„, o„) is necessarily
on a different adiabatic potential surface than is
the defect." In principle, the attempted crossing
can constitute a bottleneck, limiting the rate of
defect formation. The crossover to the lower
potential surface is represented at Q, =X in
Fig. 10.

In a model recently proposed by Toyozawa, 36 the
last passage between adiabatic potential surfaces
is suggested to occur between STE states in the
plane of Q„ i.e.,

Z~(o„, a„)-Z'„(c„,c ) .
Mixing of these two states by interaction with
modes Q, and Q, was predicted to cause an adia-
batic instability of the Q, mode. Furthermore it
was suggested that a substantial relative shift
in the equilibrium value of Q, for the two states
could allow a nonradiative transition rat;e large
enough to be compatible with the observed I'-
center formation time of about 10 psec.

I eung and Song have calculated the nonradiative
transition rate (W) corresponding to

Z;(o„,o„)-Z'„(o„,o, )

using a molecular-model Hamiltonian expanded
in Q, and Q„and find that W is far too small to
be compatible with the observed formation time."
By including an additional mode which takes ac-
count of the relaxation of other ions around the
Ci, molecule, they found a substantially higher
nonradiative transition rate. 8' was computed as
a function of a parameter &E, representing the
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energy of an optical transition from 'Z'„(a„, a~ to
'Z'(o a ). For &e =1.4 eV, the nonradiative tran-
sition rate W between these two states was ca-1-
culated to be of the order of 10" sec ' or fas er
in both NaCl and KCl. However for && =1.8 eV,
the model calculation predicts S'=4.8X 10' sec '
ln NaCl and W= 1 x 10' sec ' in KC1.~ Recent
experimen a wt l ork has now given strong evidence
that &e =2.0 eV in NaCl. " This result, in con-
junction with earlier observations' and trends in
recent theoretical calculations for self™trapped
excitons in KC1,4' suggests that 4& =1.87 eV in
KCl. Given these parameter values, the calcul. a-
tions of Leung and Song based on a modified for-
mulation of the Toyozawa model predict transi-
tion rates generally smaller than indicated by
experiment unless a large "strain-energy" pa-
rameter describing the symmetric relaxation of
ions around the Cl,' core is assumed,

Kabler and Williams" have discussed qualita-
tively the probability of nonradiative transitions
between the two adiabatic states whose crossing
is avoided near X in Fig. 10. Application of the
L d -Zener formula to the states near Xan au-

es theshows that for reasonable parameter values, e
single-pass crossing probability can be of order

t I ddition it was pointed out that mixing
e withof the ground state of the distorted lattice wi

the two excited states whose attempted crossing
at X is avoided adiabatically can provide alterna-
tive fast-relaxation paths. " These considerations
suggested that the last passage between adiabatic
surfaces, if it occurs at X, probably does not
constitute a serious bottleneck on the 10-psec
time scale.

Yet the defect formation yield is also observed
to be temperature dependent, suggesting that
barriers are encountered at some point in the re-
laxation toward metastable defect states. In Fig.
11(a) we plot primary E centers per e-h pair
versus reciprocal temperature. T y'he ield does
not vary appreciably with reciprocal temperature
between 12 and V8 K. In measurements of rela-
t' E-center yield following electron-pulse ir-
radiation of KCl from 2 to V8 K, Karasawa an
H i also found that the yield was approximately
constant from 8 to 78 K.~ Therefore by scaling
data in Ref. 42 to match Fig. 11(a) from 12 to
V8 K, we obtain the composite curve shown by the
solid line in Fig. 11(b). This represents approx-
imately the primary E-center production efficiency

2 t 880 K. Here the term primary E cen-
l.e shortlters refers to all E centers observabl. e s or y

after excitation of the crystal —46 psec for our
high-temperature data and a few nanoseconds for
the low-temperature data of Karasawa and Hirai.
Presumably the observations are early enough to
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FIG. 11. (a) Defect production efficiency measured ~n
KC1 46 psec after e-k pair generation is plotted vs
reciprocal temperature from 12 to 880 K. A com-

te ra h of primary-defect production efficiency in
KC1 from 2 to 880 K is made by matching the low- m-
perature data of Karasawa and Hirai {Bef.42) to the
data in (a) at 12 and 78 K. The production efficiency of
uncorrelated I and H centers measured by Sonder (Ref.
17) is represented by the dashed line in (a) and (b).

count essentially all defects in KCl before re-
combination or secondary reactions occur. This
would not necessarily be the the case in other
materials, however, since very rapidly decaying
absorption has been observed in KI,' NaCl, and
NaBr. Furthermore we will suggest later that
there may be very-short-lived defects in KCl
which escape detection in the present experi-
ment, but play an essential part in the tempera-
tu dependence of defect formation.re

m teThe dashed line in Fig. 11 is an approx&ma e
represresentation of the yield of primary E centers
in KCl as measured by Sonder using the met
f E- gregate destruction. " In this case the

r E-H pairs are defined as those forme
e uent"i tially" at sufficient separation that subsequen

diffusion of the complementary defects is uncor-
related. It is evident from Fig. 11 that the two
measurements are not addressi gn the same defect

opulations. The short-pulse data count all E
centers observable at the time of measurement,
including those destined for pairwise E-H recom-
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bination and those that are frozen as correlated
pairs. The method using E-aggregate destruction
as a probe counts only those H centers which
escape pairwise recombination with the comple-
mentary E centers and are free to diffuse and
finally annihilate an uncorrelated E center or E,
center

Given this fundamental difference in the two
measurements, it is remarkable that the dashed
line fits in Fig. 11 as an extension of the best-fit
line through our high-temperature data. Sonder
found an activation energy of 75 meV for uncorre-
lated E-H pair production over the temperature
range 125-250 K. The uncorrelated pair yield
changed by a factor of 20 in this range, in contrast
to less than a factor-of-2 change in the total
(short-pulse) yield. Yet both methods agree close-
ly at 250 K. If an Arrhenius fit is forced on the
short-pulse data above 250 K [Fig. 11(a)], the re-
sulting activation energy is 75+ 25 meV, in agree-
ment with Sonder's data.

Sonder proposed that the thermal activation of
uncorrelated defect production could be explained
if most of the E-H pairs are initially produced
close enough to attract each other and hence not
be observed in an experiment which counts only
freely diffusing atoms. The activation energy was
proposed to be the difference in barrier heights
for jumps carrying the E-H pair to larger or
smaller separations. ~4

It is suggested that a similar mechanism may
determine the temperature-dependent formation
of E centers observable 46 psec after excitation
in KCl." We may suppose that the absorption
bands of the nearest-neighbor (nn) E-H pair or
some other metastable close-pair configuration
will be shifted substantially relative to the normal
E band. This is observed in fluorite crystals,
for example. ' Since our probe wavelength falls
at the peak of the E band, it would be most sen'-
sitive to those F-H pairs which achieve sufficient
separation (e.g., next-nearest neighbor) to ex-
hibit an absorption band corresponding more
nearly to the normal E spectrum. The unstable
nearest-neighbor F-H pair could be populated
with almost unit efficiency, but our 46-psec
measurement might detect only those pairs which
achieve thermally activated separation beyond a
critical distance. If the thermal energy is sup-
plied from the lattice in equilibrium at a given
temperature, the diffusion continues indefinitely
and the defects are counted in aggregate-destruc-
tion experiments. "'~ Even if the lattice tempera-
ture is too low to support extended diffusion, there
is a local thermal spike associated with the rapid
l.iberation of about 1 eV as the system relaxes
from the precursor P near Z~(o„, o„) to a nearest-

neighbor E-H pair. This. would allow short-range
separation of the vacancy and interstitial, giving
the temperature-independent plateau in Fig. 11,
as measured shortly after excitation. However
because of the l.imited range of the thermal spike,
these defects ultimately recombine in a corre-
lated manner, possibly initiated by electron
tunneling, giving a very low yield of defects as
measured in Ref. 17. At the upper end of the
plateau region (-200 K) the lattice temperature
begins to support extended diffusion of a small.
fraction of the defects beyond the range of the
thermal spike. These are observed as uncorre-
lated defects (dashed line), and finally outnumber
the correlated pairs as the total yield rises steep-
ly at high temperature. The model suggested here
predicts that most of the vacancies and inter-
stitials will recombine as uncorrelated pairs at
high temperature.

The phenomenon we refer to here as a thermal
spike may be more accurately described as a
special case of the recombination-enhanced defect
reaction theory discussed by Kimerling and co-,
workers, ' based on the Rice-Ramsperger-Kassel
(RRK) theory" of unimolecular reactions. The
theory addresses the statistical partition of an
impulse of vibrational energy (resulting from a
nonradiative recombination event) among com-
municating localized vibrational modes of the
"defect molecule, " i.e., the point defect and
its immediate neighborhood in the lattice. It is
assumed that there is a particular vibrational
mode which, given sufficient energy, will lead
to the defect reaction, e.g., impurity diffusion
in semiconductors. The localized vibrational
modes decay to lattice phonons, limiting the time
in which the recombination-enhanced reaction
may occur. This time is typically so short (a
few picoseconds or less) that the concept of a
thermal spike of molecular dimensions with a
characteristic temperature may not be well
defined, whereas the RRK statistical theory
should be generally applicable. The recombina-
tion energy (or some fraction) appears in the
theory as an effective reduction of the reaction
barrier rather than a rise in local temperature. "
The typical Arrhenius plot of such a process ap-
pears as the sum of the pure thermal. process,
dominant at high temperature, and the recom-
bination-enhanced process, which may be nearly
independent of temperature. The resemblance
to our Fig. 11 is striking.

Kimerling has discussed some aspects of E-
center production in the context of recombination-
enhanced defect reactions. " We suggest that the
unstable nearest-neighbor E-8 pair immediately
after formation may be the "defect mol. ecule" in
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the terminology of Ref. 46, and that the nonradia-
tive recombination event is the exeitonic relaxa-
tion leading to that state. The process which is
enhanced is H-center motion away from the F
center. In contrast to the process of enhanced
diffusion in semiconductors, 4~ there can be only
one such recombination enhancement of H-center
motion per E-H pair produced. Thus the recom-
bination-enhanced H-center motion is limited in
range, whereas the pure thermal motion may
continue indefinitely, producing uncorrelated-
E-H pairs. This is one expl. anation for the dif-
ference in our observation and Sonder's data
(Fig. 11) as discussed above. Note that a single
recombination-enhancement step may in principle
cause motion over several lattice spacings, so
that directional H-center collision sequences are
not excluded.

At the lowest temperatures (2-8 K) in Fig.
11(b), the defect yield measured by Karasawa
and Hirai indicates a 2-meVbarrier. This barrier
must occur fairly early in the defect formation
process. As discussed above, at least 1 eV is
dissipated rapidly in the passage from I' to E+H„.
It is unlikely that a 2-meV barrier would be sig-
nificant during or shortly after such a process.
Therefore it is reasonable to suppose that the
2-meV barrier governs entry from the precursor
STE state (P} to the defect formation channel
(Fig. 10).

In Fig. 10, Z~(c'„, o„) is represented as the STE
state from which defect formation is initiated.
A calculation by Itoh, Stoneham, and Barker
indicates that a barrier of at least 0.3 eV resists
translation of a developing H center along a
(110) direction in this state because of a repulsive
interaction with the nearest-neighbor alkali ions. 4'

However it has been suggested that the alkali-ion
repulsion is significantly reduced if the initial
motion of the halide-ion pair is rotation out of the
(110) direction. " This possibility is indicated by
the broken line to the right of I' in Fig. 10, and
could correspond to the observed 2-meV barrier.
Itoh and Saidoh suggested II,(n~, &~) as an alterna-
tive precursor to defect formation. '4 In that case
the right-hand side of Fig. 10 should be altered
to connect appropriately to the self-trapping dia-
gram at roughly the Q, coordinate marked B.

The temperature dependence exhibited in Fig. 11
might also be ascribed to two different precursor
states feeding independent channels of defect pro-
duction characterized by activation energies of
2 and V5 meV. It wouM be supposed that at most
20% of the electron-hole pairs feed the 2-meV
channel, so that it saturates at a low temperature.

The observed high yield of primary E centers
in KC1. at high temperature is itself rather re-

I

markable, though not entirely without precedent.
Hobbs has observed the formation of sodium col-
loids due to E-center coalescence in heavily ir-
radiated NaCl at temperatures in the range of
425 K. ' Jain and Lidiard found that for the best
fit of their theory to the experimental data on
colloid formation, it was necessary to assume
that one primary E-H pair is produced for every
15 eV absorbed. " This corresponds to roughly
one E-H pair per ionizing event at 425 K, which
is comparable to our direct observation of about
0.4 E-H pair per ionizing event in KCl at 450 K.
Generalizing from these high-temperature obser-
vations and from the trends evident in E-aggregate
destruction data for KC1, KI, NaCl, RbC1, and
KBr at temperatures below about 250 K,"'~ it is
possible that the yield of primary F-H pairs per
ionizing event approaches the order of unity at
high temperature in almost all alkali halides.

. The approach to unity in Fig. 11 is faster than
a simple Arrhenius process would predict. In
fact one can make an approximate linear extrapola-
tion of Fig. 8 to unity yield at the melting, point of
KCl. Ionic conductivity in halide crystals is ob-
served to increase more rapidly than is consistent
with a simple Arrhenius process as the melting
point is approached. " This conductivity anomaly
in silver halides has been analyzed in terms of
a decreasing Frenkel pair formation energy at
increasing temperature. "

0
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APPENDIX: MODELS FOR THE CONVOLUTION OF
PULSE SHAPES AND INTRINSIC PHOTOCHEMICAL

RESPONSE

Equation (2} in the text displays the basic form
of the convolution integrals used in our analysis
of data for the rise of optical absorption on a
time scale comparable to the laser-pulse duration.
Because of the relatively slow response of the
photodeteetor on a picosecond time scale, the
experimental quantities G» in Eq. (1) are effective-
ly time integrals of the probe light intensity. Thus
the observed opticaI density D in Eq. (1) is not the
same as the instantaneous optical density D'(t),
defined as the base 10 logarithm of reciprocal
transmittance at time t. The time-integrated
pulses in Eq. (1) can be normalized such that
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dt G(t) =1G

G1 moo
(Al)

G' OO

dt G(t)10 e'"
Gl 'O

The normalized probe pulse envelope is taken to
be a Gaussian whose width is the unit of time:

G(t) =s "e ". (A3)

Thus if We is the FWHM of G(t), We/2 v'ln2 =1 by
definition in the following discussion and in
Fig. 2. The. generation of electron-hole pairs
(i.e., two-photon excitation) is assumed to be
proportional to a normalized Gaussian function
C(t) whose center precedes the probe pulse
center by a time &:

C(t+&) =I ~'W 'exp (A4)

Here W = Wc/W@, where Wc is the width of
C(t+&). If the time dependence of the onset of
D'(t) is expressed as E(t) =D'(t)/D, substitution
of Eqs. (Al) and (A2) into Eq. (1) in the text yields
Eq. (2). Here D,„=a/2.303 is the maximum value
of D'(t), taken to be equivalent to the maximum
value of the observed optical density at times
much longer than the laser pulse width if the
growth is a simple monotonic function. For more
complicated growth and decay behavior as in
Eqs. (5) and (6), D (or C~) must be regarded
as a fitting parameter.

The most general convolution problem of this
sort mould include cases in which the material
system supports a cooperative interaction of the

where

erf(e)=me'r f ede. .
0

Using Eq. (A5) with a close analytic approximation
for erf, it is straightforward to integrate Eq. (2)
numerically, obtaining curves such as those in
Fig. 2.

For a singl. e probabilistic decay bebveen two
levels, characterized by rate y, the lower-level
population is proportional to

X(t-t') =1-exp[-y(t -t')]. (A6)

Here t' is the time at which the upper level is
populated and t is the time at which the lower
level is instantaneously interrogated. Taking Eqs.
(A4) and (A6) in Eq. (3) and completing the
square in the argument of exp yields

excitation and probe beams. Either these must
cooperatively produce an excitation in the sample,
or they must participate in generation of a sum
or difference frequency. The former requires
a real final state in the material and the latter
(a three-wave mixing process) requires a non-
centrosymmetric material; our materials satisfy
neither of these conditions. In contrast, an ex-
periment in which the pump beam produces a real
excitation and the probe beam has the same fre-
quency may exhibit interference effects. "

We consider now kinetic models for the develop-
ment of the physical process leading to absorp-
tion. If the optical absorption appears instanta-
neously upon electron-hole generation, substitu-
tion of Eq. (A4) in Eq. (3) yields

E(t, &). „,„, =2 1+erf
~

&t+~

t+~, i~yW
&(t+ &),=, ~ 1+erf

W
' (2—&exp, -yt+ ) -yb, I+elf

lq W 2
~t+& yg

(Av)

Equation (A6) pertains to a single probabilistic
decay between two levels. The method of Laplace
transforms allows treatment of more general
problems such as serial decay through n intervals
among n+-1 levels. For example a three-level
system in which population of the middle level
is observed represents the simplest case of for-
mation and decay of an absorbing species. Serial
decay through n intervals prior to population of
the observed lowest level gives rise to delayed
formation approaching a step function as n be-
comes large. For "level, " one may substitute

(A8)

This is equivalent to Eq. (5) in the text, where
v', =y, ' and v; =y, '. The population of the third
level is pr oportional to

"photochemical intermediate. "
Consider the case of serial decay connecting

three levels, where distinct rate constants y, and

y, characterize decay from first to second and
second to third levels, respectively. If the first
level is populated instantaneously at time t', the
population of the second level is proportional to

[r,/(r. -r, )](e ""' "-e ""' ").



7056 R. T. WILLIAMS, J. N. BRADFORD, AND W. L. FAUST 18

(A9)

where t' =0 for convenience in Eq, (A10) and the
following discussion.

For the case of n serial decays connecting n+1
levels via distinct rate constants, the correspond-
ing expression for population of the last level is

For the specific case of serial decay among
n+1 levels, with all intervals sharing a common
y value, E is replaced by

1-P„(t)e "',
where

E„,~ =1 —QR) e "&

where

(A10)
pj's yi yf

These forms arh singular when any two y's co-
incide, but they are valid in a limiting sense even
then. Eg. (A10), like (A7), allows completion
of the square to perform the convolution integral.
The Laplace transform method also is applicable
to cases in which some or al.l the y's are identical.

P„(t) may be recognized as a truncated series for
the exponential. For n large, Eq. (A11) approxi-
mates a step function of argument yt -1. Identical
rate constants y are not likely to be encountered
in a real system. However, the curves obtained
in this model have some value in imparting an
appreciation for the large number of intervals
which must be involved to approach step-function
behavior. This model considers only kinetics of
independent centers or molecules; it does not
encompass autocatalysis.
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