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EPR studies on ultraviolet-irradiated crystals of AgC1:Pd have confirmed earlier results
on AgCl:Cu for the existence of an energy barrier in the self-trapping of the photohole. The
height of this barrier is near 1.8 meV. Migration of the self-trapped hole was found to be
athermal for temperatures below 30 K; above 35 K the self-trapped hole hops, with a dif-
fusivity given by D =7&(10 exp( —.61 meV/kT) cm /sec. This suggests that the value of
the electron transfer integral is about 1% of the energy of the phonons involved, that the
bandwidth for the self-trapped hole is of the order of 2 meV, and that the binding energy of
the hole is approximately 0.1 eV. The dependence on temperature of the efficiency of pho-
toproduction of various trapped-carrier palladium centers was determined, and was correlat-
ed with the migration of the self-trapped hole. The presence of a small amount of Fe +

"tracer" served to indicate those decay processes that were due to thermal release of trapped
holes.

I. INTRODUCTION

The properties and interactions of both ionic and
electronic point defects are, in many ways, perhaps
better understood for silver chloride and silver
bromide than for any other ionic materials. In part,
this is due to the very high mobility of the intersti-
tial component of the intrinsic cation Frenkel defect;
it has thus been possible to characterize in detail the
properties of the lattice defects, even to the extent of
determination of the temperature dependence of the
formation enthalpies (see, for example, Friauf' and
Jacobs et al. ). Further, because of the indirectness
of the electron energy gap, large photocarrier life-
times can be achieved so that semiconductor-type
experiments, as well as optical studies of electronic
defects, thereby become feasible (the photocarrier-
phonon interaction in the silver halides has recently
been reviewed by Kanzaki ). It is therefore not
surprising that the dynamics of the trapping of pho-
tocarriers in the silver halides should be of interest,
not only because of its relevance to the effects of
solute ions in the photographic process, but also for
its own sake.

This paper is concerned with the properties of
self-trapped holes in silver chloride, and with the in-
teractions of these with photocarriers trapped at di-
valent palladium ions, with or without a nearby
charge-compensating cation vacancy. Several types
of carrier trapping are found in silver chloride.
First, even in the absence of impurity ions, the hole
becomes self-trapped below liquid-nitrogen tempera-
ture. The resulting localized state, first reported by
Hohne and Stasiw, is centered on a cation site,

forming Ag +; relaxation of the neighboring
chlorides produces a center tetragonally distorted
along the [100] axis. A second type of trapping is
the hydrogenlike binding of a carrier in the Coulom-
bic field of a defect with a net charge (e.g., a di-
valent ion). Because of the large dielectric coeffi-
cient and relatively small effective masses in AgC1,
this Coulombic binding is very weak, only a few
hundredths of an electron volt, as shown by Brandt
and Brown. As a result, such centers are stable
only near absolute zero, and will be of no further in-
terest here. A third process involves the incorpora-
tion of the carrier into an inner shell, the d or f shell
of a transition ion, resulting in trap depths of the or-
der of several tenths of an electron volt. Since such
solutes exist in AgC1 typically as substitutional di-
valent ions, charge compensated by a cation vacancy
(Ag+, ), the location of the vacancy can play a major
role in determining the stability of the trapped car-
rier. Thus, in the AgC1:Pd + system of interest in
the present work, Eachus and Graves have shown
that the isolated Pd + ion is a deeper trap for pho-
toelectrons than is the electrically neutral next-
nearest-neighbor complex Pd+(Ag+„). Moreover,
this neutral complex can also act as a hole trap,
whereas, as expected, the positively charged free pal-
ladium ion cannot. Additionally, the behavior of
Fe +, which is also present in our crystal, is particu-
larly interesting: It does not capture electrons, but
can acquire a hole, upon which 'the resulting ferric
ion moves into an interstitial position and becomes
stabilized by either four nearest-neighbor cation va-
cancies or only three, if the temperature is too low
for immediate formation of the more stable configu-
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ration. These two centers will be referred to as
Fe,'+b;, and Fe,„+g, respectively.

In the case of the self-trapping of the hole in
silver chloride, earlier results from this laboratory
have demonstrated that this involves an activation
energy, as had been proposed theoretically by Sumi
and Toyozawa' and by Mott and Stoneham. " In
our previous experiment, the specimen was doped
both with Cu +, which served as a source of holes
upon illumination with 435-nm blue light, and Cu+
which acted as a hole trap to compete with the self-

trapping process. It was shown that the self-trapping
process is indeed thermally activated, with an energy
barrier of 1.7 meV. The purpose of the work
described in the present report was to extend these
earlier experiments in several ways. First, in these
new studies both photoholes and electrons are pro-
duced with the use of band-gap excitation. Second,
the crystal was doped with Pd + instead of copper;
palladium represents a useful dopant for this type of
experiment because, as shown by Each us and
Graves and by Zhitnikov et al. ,

' one thereby intro-
duces traps for both electrons and holes (in our ex-
periment, we need an electron trap to prevent
recombination with the holes). Third, in the present
experiment, results are also obtained on the kinetics
of the migration of the self-trapped hole. In addi-
tion, a detailed investigation of the effects of irradia-
tion temperature on the types of centers produced
will be shown to correlate well with the migration
dynamics of both holes and cation vacancies, thus
corroborating and extending somewhat Eachus and
Graves's study of competitive trapping. Finally, the
presence of several parts per million (ppm) of Fe2+
in our crystal will be seen to provide a useful indica-
tor of which type of carrier is freed when an in-
crease in temperature results in the recombination of
trapped electrons and holes.

The Pd + ion has a 4d electronic configuration,
so that paramagnetic centers are produced upon cap-
ture of either an electron or a hole. Although one of
its isotopes has a nuclear spin of —, (' Pd, 22%%uo

natural abundance), neither the electron-
paramagnetic-resonance (EPR) spectra reported by
Eachus and Graves nor those obtained in the present
work show any hyperfine splitting due to interaction
with this nuclear moment. All three irradiation-
produced paramagnetic species, Pd+, Pd+(Ag„+„),
and Pd +(Ag+, ), were earlier shown each to have a
[100] axis—the first because of a Jahn-Teller relaxa-
tion ' and the other two because the cation vacan-

cy is at a next-nearest-neighbor site. The resulting
EPR spectra were satisfactorily interpreted by
Eachus and Graves in terms of the superhyperfine
interactions with the four nearest chloride ions (with
nuclear spin I= —,) in the plane perpendicular to the

distortion axis, ignoring the fact that one-fourth of
the Cl ions have a nuclear magnetic moment dif-
ferent from that of the dominant 5C1. This gives
rise to the following spin Hamiltonian:

4 =giiPH, S,+giP(H„S„+HySy )

+g [A i)S,I,+Ai(SyIy+S„I„)].
i=1

A ii and Ai are the components of the superhyper-
fine-interaction tensor, and the z axis coincides with
the [100] axis of elongation. The spectra obtained in
the present work are consistent with the configura-
tions attributed to the various EPR centers by
Eachus and Graves, and we have adopted their as-
signments.

II. EXPERIMENTAL

The AgC1 crystals used in this work were pro-
duced by Mr. C. B. Childs of the University of
North Carolina from high-purity deoxygenated ma-
terial doped with PdC12. They were grown from the
melt at 1.0 mm/h with the use of the Bridgman
method, under an atmosphere of 80 mm of fraction-
ally distilled chlorine and 680 mm of ultra-high-
purity nitrogen. Subsequent spectroscopic analysis
of the samples used here showed a Pd + concentra-
tion of 40 ppm, and also the presence of 2.6 ppm of
iron, which in the crystal presumably existed as sub-
stitutional Fe +. The crystals were oriented by
means of Laue back-reflection methods. They were
then gently cut with a fine-toothed jeweler's saw in
the shape of a parallelepiped, with the major axis
along [110], polished on successively finer papers,
and then etched to remove the remaining surface
damage. All handling of the specimens, including
procedures during EPR runs, was carried out under
yellow safelights.

Paramagnetic centers were produced by high-
intensity irradiation of the crystals while in the cavi-

ty of a Bruker ER200 EPR spectrometer with the
use of a narrow band centered on 375 nm. This
wavelength is short enough to excite electrons across
the band gap at low temperatures. The irradiation
and measurement temperatures could be varied by
means of an Oxford Instruments continuous-
helium-flow refrigerator. After each irradiation, the
EPR spectra, at 9.439 GHz, were usually taken at
14.5 K, although some studies of the thermal decay
of centers were made at the decay temperature
without periodically cooling down to 14.5 K.

III. RESULTS AND DISCUSSION

A. Self-trapped hole

If AgC1:Pd + is irradiated with band-gap light at
a temperature well below 60 K, three strong EPR
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FIG. 1. EPR spectrum, measured at 14.5 K, after irra-
diation at 14.5 K with 375-nm light for 20 min.

spectra are produced, as shown in Fig. 1. The holes
become self-trapped, and recombination is inhibited
by the trapping of electrons at Pd + and Pd +

(Ag„+„}. The assignments indicated on Fig. l for the
two palladium centers are those deduced by Eachus
and Graves. The values of spin-Hamiltonian
parameters derived for these centers from our results
are given in Table I.

An experiment was performed to corroborate,
with this different system, the earlier measurement
on AgCl:Cu of the activation barrier involved in the
transition of the hole from the free state to the local-
ized self-trapped state. The crystal was exposed to a
series of identical 5-min irradiations at temperatures
in the range 14.5—37 K. The lower limit of this
range is imposed by the tunneling process that ap-
pears near 10 K, while the upper limit is determined
by the onset of thermally activated hopping of the
self-trapped hole, which renders their spectrum
unstable as they decay out. After each exposure, the
resulting EPR spectrum was measured at 14.5 K,

l02 . I

0 005
—(K-')i
T

FIG. 2. Arrhenius plot of the temperature dependence
of the number of irradiation-produced self-trapped holes.

I
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and the crystal was then annealed at 50 K to restore
it to its original state. As was argued in our previ-
ous paper, one expects that the number of self-
trapped holes produced by each 5-min exposure will
increase with increasing temperature of irradiation
as T '~ exp( ElkT), wh—ere E is the energy bar-
rier opposing the transition to the self-trapped, lo-
calized state. The data obtained here are shown in
Fig. 2, and they are clearly consistent with this ex-
pectation. The activation energy derived from Fig. 2
is 2.0+0.3 meV, which may be compared with the
1.7+0.1 meV obtained earlier with capper-doped
AgCl. The present determination is less precise be-
cause of complications due to the overlapping of
EPR lines of the many types of centers that are
present. The two sets of data, however, are con-
sistent, thus corroborating the model proposed.

TABLE I. Spin-Hamiltonian parameters of photoproduced centers in AgC1:Pd, Fe. (The
values of A and A' are all in units of 10 cm '.)

Center gii gx

A]$ AJ
(hyperfine interactions)

A)( Ag
(Cl super-
hyperfine

interactions)

Ag2+
Pd+

Pd+(Ag+, )
Pd +(Ag+, )

2.141+0.001
2.665+0.001
2.643 %0.001
2.020+0.001

2.041+0.001 24.7+1
2.139+0.001
2.141%0.001
2.017%0.001

31.3+1
7.4+1
6.6+1

33.6+1
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FIG. 3. Temperature dependence of the time constant
for the exponential thermal decay of the concentration of
self-trapped holes.

The kinetics of the decay of the self-trapped hole
signal was studied by following the decrease, with
increasing time of aging, of the intensity of a partic-
ular EPR line, while holding the crystal at some
fixed temperature in the range 14—50 K. In each
case, the concentration of self-trapped holes was
found to decrease by a first-order exponential decay,
as would be expected if the number of final hole
traps greatly exceeds the number of holes. Also, the
total EPR spectrum of the crystal was monitored
during a thermal bleaching at 40 K, and it was
found that, as the Ag + centers disappear, not only
do the concentrations of trapped-electron centers
[Pd+ and Pd+(Ag+, )] concomitantly decrease, but
also that those of two other hole centers,
Pd +(Ag„+„)and Fei~+s, increase. This appearance of
new trapped-hole centers explains why the decay of
the self-trapped hole is of first order, rather than the
second-order kinetics that would result from recom-
bination of equal numbers of holes and electrons.
Furthermore, this demonstrates that the decay of
the self-trapped hole is by means of its own migra-
tion, rather than as a result of the thermal release of
trapped electrons, as Eachus and Graves had origi-
nally suggested.

The temperature dependence of this inigration of
the self-trapped hole is shown in Fig. 3, in the form
of an Arrhenius plot of the time constant for the
first-order decay of the corresponding EPR signal.
There are two sharply delineated regimes: For tem-
peratures greater than 35 K the data fit a simple

thermal-activation relation, r=roexp(H/kT), while
for temperatures below 30 K, the migration rate of
the self-trapped hole is almost independent of tem-
perature and actually increases slightly as the tem-
perature is lowered.

In the high-temperature "classical" region the
data of Fig. 3 yield ro ——8.5X10 sec and H
=61+3 meV. This activation energy almost surely
describes the hopping process, a phonon-assisted
tunneling, rather than the depth of the self-trap,
since the activation energy for hopping is expected
to be considerably less than the trap depth. '4 '6 To
proceed further, we must ask whether, for the range
of temperature above 35 K, those phonons involved
in the hopping are essentially classically excited; this
sets in at approximately one-third of the correspond-
ing characteristic temperature 8. Since the self-
trapped hole is localized within a single unit cell of
the crystal, the pertinent phonons are primarily
those of short wavelength on or near to the
Brillouin-zone surface. If these are mainly the
acoustical phonons, then their energies range from
about 4 to about 13 meV, ' and 8/3 would run from
16 to 52 K. Thus, for many of these, the classical
region of Fig. 3 is above 8/3. In such a "high-
temperature" regime, to a rough approximation the
activation energy for hopping is expected to be
about one-half of the binding energy of the self-
trapped hole. ' ' ' %'e may thus conclude that in
AgC1 the binding energy of the self-trapped hole is
approximately twice 61 meV, or about 0.1 eV.

We can deduce further information about the
hopping process from the magnitude of the preex-
ponential factor ro For rando. m migration to a ran-
dom distribution of fixed sinks, the relaxation time ~
is given by r= I/(4mrND); here r is. the capture ra-
dius, which must be close to 1.5X 10 cm for non-
Coulombic traps, N is the density of traps, which
must be somewhat less than our dopant concentra-
tion of about 10' /cm, and D is the diffusion coef-
ficient of the hole, which will have the form
Doexp( H/kT). Insert—ing the experimental value
of ro (the exponential factors containing H cancel),
we find that Do-7 X 10 cm /sec. But Do is also
equal to ( —, )A, zvP, where A, is the unit jump distance
(about 3X10 ' cm), z is the number of equivalent
jump directions possible from a given site (12 for the
fcc lattice of AgCl, v is a characteristic atomic vi-
bration frequency (about 3X10' /sec), and P is a
factor that represents the probability that a hole will
successfully make the jump when the necessary
thermal energy is provided to the ions. The factor P
consists of the product of two factors which are
each less than unity: (a) the probability that the
highly localized polaron can make the jump during
the short time that the ions about an adjacent site
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are suitably relaxed, ' ' and (b) the probability that
the presence of the necessary thermal energy H actu-
ally does produce a set of ion relaxations that results
in an energetically suitable site in the adjacent unit
cell. From the value of 7X 10 cm /sec for Do, one
obtains for P the value 10 . The fact that this is
considerably less than unity is consistent with the
idea that the wave function of the self-trapped hole
in AgC1 is highly localized within one unit cell, so
that the electron transfer integral is small compared
to the phonon energy.

For example, let us take the energy of the per-'
tinent phonons to be about 6-meV, and suppose that
we ignore the ion-configuration factor, item (b)
above. Then, in the approximation of Eq. (64) of
Emin's 1975 paper, ' but including a factor of 12 for
the number of crystallographically equivalent hop-
ping directions, one estimates the electron transfer
integral to have a value of about 1% of the 6-meV
acoustical phonon. This, however, is perhaps an un-
derestimate, since the ion-configuration factor may
be substantially less than unity, and our result for
the electron transfer integral will go inversely as the
square root of that factor. In any event, with a
coordination number of 12, one obtains from this
value of the transfer integral a bandwidth for the
self-trapped hole of the order of 2 meV.

Turning now to the low-temperature decay, ap-
parent in Fig. 3 for temperatures below about 30 K,
the almost completely athermal nature of this pro-
cess is indicative of propagation within this very
narrow small-polaron band of states. An earlier sug-
gestion' that this phenomenon might be obscured in
real crystals by the strain effects of background de-
fects is perhaps not applicable here because well-
annealed AgC1 crystals can often have very low
dislocation densities. Also of interest is the quite
sharp transition seen in Fig. 3 around 30—35 K,
much more abrupt than deduced from calculations
based on model systems. '

The slight temperature dependence that is found
for this process indicates that the mobility of the
small polaron decreases with increasing temperature.
This is presumably the result of the superposition of
several weak effects: the effects of temperature on
the width of the small-polaron band' and on the
scattering of polarons by phonons and by defects,
both charged and uncharged.

B. Photoproduced pa11adium centers

In order to study the temperature dependence of
the relative efficiencies of photocarrier trapping at
the various types of impurity-ion centers, the crystal
was exposed to a sequence of 20-min ultraviolet irra-
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FIG. 4. Temperature dependence of the steady-state
concentrations of centers produced by prolonged ultravio-
let irradiation. The constant of proportionality between
EPR intensity and defect concentration varies from one
center to another. Thus, the very intense Fe'+ signals do
not imply large concentrations, as compared to the palla-
dium centers.

diations, each at a successively higher temperature,
from 10 to 225 K. The complete EPR spectrum
was recorded at 14.5 K after each exposure. No
thermal annealing at a high temperature was provid-
ed between one uv exposure and the next; this was
dictated by the desire to preclude the premature ac-
cumulation of the Fe,„+b;, center. We thus assume
that upon prolonged exposure to ionizing radiation
at the next higher irradiation temperature, the
centers originally present at the lower temperature
come to the new steady-state distribution charac-
teristic of this higher temperature. In contrast with
the study of the self-trapping of the hole (described
in Sec. III A), the irradiation periods here were long
enough to approach saturation of the concentrations
of paramagnetic centers. Also, for irradiation tem-
peratures above about 40 K, there was considerable
decay of the self-trapped hole during the irradiation
so that the EPR spectrum measured after quenching
to 14.5 K really is a reflection of a dynamic steady-
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state set up in the irradiation field.
The results of this experiment are shown in Fig. 4.

The EPR intensities plotted in this figure are those
for characteristic lines taken with the magnetic field
parallel to a [100] axis of the crystal. The assign-
ments of the centers are those deduced earlier by
Eachus and Graves, and are completely consistent
with the present results. The spin-Hamiltonian
parameters derived from the fitting of our results
are listed in Table I.

For irradiation temperatures below about 30 K,
the photoelectrons are trapped at both Pd2+ and
Pd +(Ag+, ) centers, while those holes which survive
recombination become self-trapped. Since the self-
trapped hole is not very mobile at these tempera-
tures, further recombination is inhibited. Similar to
previous results of Eachus and Graves, we find no
substantial trapping of the hole by Pd2+

(Ag „+„) at low temperatures. This is strange, since
at higher temperatures uv irradiation produces con-
siderable amounts of Pd+(Ag„+„). It is therefore
not unlikely that, as in the case of the self-trapping
process, an activation energy barrier must be sur-
mounted in order for a hole to become trapped at
the neutral Pd +(Ag„+„) center; such a barrier would
exist if considerable ion relaxation were necessary to
provide a bound state for the hole.

For irradiation temperatures higher than 30 K,
the hopping mobility of the self-trapped hole be-
comes increasingly significant, so that during the ir-
radiation fewer trapped photocarrier centers survive
until the cool down to 14.5 K. Thus, Fig. 3 shows
that the concentrations of all three paramagnetic
centers fall synchronously as the irradiation tem-
perature is increased from 30 to 60 K, at which
point only very small amounts of centers of any type
are formed. At still higher temperatures of irradia-
tion, however, large numbers of centers are once
again produced. The self-trapped hole is now too
mobile to be retained, and three new trapped-hale
centers appear: Pd+(Ag„+«), Fe,„+s, and at still
higher temperatures, Fe,„b;,. The Pd+(Ag„+„) has
been shown earlier by Eachus and Graves to have a
[100] axis, and therefore to be a next-nearest-
neighbor complex. Its EPR spectrum, here mea-
sured at 14.5 K, is shown in Fig. 5.

The rising efficiency of these hole-trapping
centers at temperatures above 60 K precludes com-
plete recombination, so that large concentrations of
electron centers also appear once again, but this time
only as Pd+ (the palladium-vacancy complex is now
seen only as a hole trap). When the temperature of
irradiation, however, begins to approach 200 K, the
concentrations of all trapped-carrier defects decrease
toward zero. Clearly, this is the result of recombina-
tion following the thermal release of one of the two

Pd +{Ag+ )
g~

I
/) /fl

2000 2500
H (G)

500 4000

FIG. S. EPR spectrum of the complementary electron
and hole palladium centers produced by uv irradiation at
approximately 100 K. The spectrum was measured at
14.5 K. The vacancy in the Pd3+(Ag+, ) complex occupies
a next-nearest-neighbor site.

types of carrier, either holes from the Pd +(Ag+, )
or electrons from the Pd+ centers. Now, in Eachus
and Graves's crystals, which also contained a small
amount of copper (a very stable trap for holes), the
Pd+ center was observed at temperatures as high as
250 K. Hence, our decrease in efficiency for pro-
duction of palladium centers, as the irradiation tem-
perature increases above 140 K, must be due to the
instability of Pd +(Ag„+„) against loss of the hole.
In fact, we were never able to see the broad line at
225 K which Eachus and Graves assigned to Pd+,
although we monitored the EPR spectrum both at
225 K and at 14.5 K, after irradiation at 225 K. It
thus seems likely that their crystals contained com-
pensating hole traps more stable than in our speci-
men, and copper is a likely choice.

There are two curious features of Fig. 4: (a) the
dip, near 60 K, in production efficiency versus tem-
perature, and (b) the temperature dependences of the
concentrations of the two ferric centers. The first of
these, the dip, is much more pronounced here than
in the results of Eachus and Graves, perhaps be-
cause of the difference between the hole-trapping
properties of Cu+ and Fe +. This anomaly at 60 K
can be understood in terms of the necessity to form
stable hole centers if recombination is to be prevent-
ed. At low temperatures, this is accomplished by
the self-trapping process, and at high temperatures
(e.g., in the range from about 100 to 150 K) by the
formation of Pd +(Ag+,). At intermediate tempera-
tures, however, neither of these two mechanisms is
operative: The temperature is too high to prevent
migration of self-trapped holes, but too low to
promote substantial formation of immobile
Pd +(Ag+, ), presumably because of an activation
energy barrier. That the resulting recombination is
determined by the migration of holes, rather than by
thermally released electrons, is demonstrated by the
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rise in concentration of Fe,„+s as the number of self-
trapped holes decreases.

The other strange aspect of Fig. 4, the tempera-
ture ranges of the appearances of the two different
iron centers, can be interpreted in terms of the
dynamics of the cation vacancies which are needed
to form these centers. This is discussed in more de-
tail elsewhere.

A brief exploration of the isothermal decay at the
irradiation temperature was carried out for the
several palladium centers. By monitoring the entire
EPR spectrum, rather than just following the time
dependence of a particular line or lines, one could
observe the rise of new centers as old ones disap-
peared. For aging temperatures higher than 70 K,
the EPR spectra were periodically taken at 14.5 K,
whereupon the specimen temperature was again re-
turned to its original value.

For temperatures of irradiation and aging in the
range 30—50 K, even though the self-trapped holes
disappear by a simple first-order process, the elec-
tron centers, Pd+ and Pd+(Ag„+,„.), decay by a more
complex route, involving at least two processes. The
time constants for both of these processes are con-
siderably greater than that for the decay of the self-
trapped hole. The EPR spectra show that, during
this aging, two new hole centers appear, Pd +(Ag,+„)
and Fe, +s. Thus the loss of self-trapped holes is not
simply by means of recombination with trapped
electrons; instead, some holes are transferred to oth-
er centers, where they are stored for longer times.

For temperatures above 70 K, the paramagnetic
centers consist mainly of the complementary pair,
Pd+ and Pd +(Ag+, ). In the dark, there is very lit-
tle decay until the temperature exceeds about 170 K,
above which one sees both centers disappearing to-
gether by means of what appears to be a superposi-
tion of two first-order processes. During the first of
these processes the concentration of the Fe,„+b;,
"tracer" grows to saturation, demonstrating that the
decay proceeds through migration of holes thermal-
ly freed from the Pd +(Ag+«), and not by electrons
from the Pd+. Eachus and Graves also performed
decay experiments on Pd +(Ag+, ) and found a sin-
gle first-order process. Since their aging tempera-
tures were some 50 K above the range of our experi-
ments, it is perhaps not surprising that they did not
observe the faster of the two processes. It is not
clear, however, why one should find first-order,
rather than second-order, kinetics. Perhaps this in-
dicates the importance of other traps for the car-
riers.
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