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Temperature dependence of carrier relaxation in semiconductor doped glasses
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Two-color picosecond pump-probe measurements in semiconductor nanocrystallite doped glasses re-
veal nonexponential decay of photoexcited carriers. The dependence of the decay on nanocrystallite
size, pump intensity, temperature, and probe wavelength are examined and discussed within the frame-
work of continuous-time random-walk models for transport of carriers among localized trap sites. This
analysis suggests that carrier transport in lower dimensions is involved in the relaxation of these nano-
scale systems.

I. INTRODUCTION

Since the discovery of Jain and Lind' of fast nonlinear
optical response in semiconductor-doped glasses, semi-
conductor nanocrystalline systems have been studied ex-
tensively. An understanding of the excitonic energy spec-
trum of these quantum-confined structures started first
with Efros and Efros. Using a modified effective-mass
approach, they were able to predict qualitatively the
dependence of exciton energies on particle size. This first
approximation, however, did not include the effects of
finite potential barriers at the surface of the crystallite,
the dielectric contrast at the interface between the crys-
tallite and the host medium, the effects of defects either
in the crystallite or on its surface, or the effect of a non-
spherical particle. Later treatments became successively
more sophisticated, allowing for better agreement with
experiment, but it became clear that the nature of the
surface interfacial properties hindered quantitative pre-
dictions of experimentally observed energy levels.

Determining the nature of the time response of these
materials has been difficult. Groups have observed time-
varying, nonexponential phenomena in every regime from
femtoseconds to hours, depending on the type of excita-
tion implemented. Part of the problem was resolved with
the empirical observation of Roussignol et al. that these
materials change their optical properties upon laser irra-
diation. This observation served to make experiments
more consistent with one another, but the underlying
physics of this so-called photodarkening effect is still a
debated topic. On the other hand, what has become clear
is that surface states play an important role in the relaxa-
tion dynamics of these materials. Experiments performed
on crystallites suspended in solution have shown that

both the luminescence intensity and the luminescence as
a function of time depend upon the presence of surface-
binding chemical species present in the solvent. ' Wog-
gon et al. also noticed a sharp difi'erence in the response
of thin semiconductor-doped glass samples which were
exposed to hot H2 gas. They proposed that the hydrogen
diffused into the glass and changed its behavior by bind-
ing to the crystalline surfaces. These experiments along
with later studies ' have shown unambiguously the im-
portance of surface effects in these materials.

Because of the clear presence of surface-dependent
effects and because of the nature of the decays observed
in the majority of experiments, models of the relaxation
behavior are often based upon a multilevel deexcitation
scheme involving linear transition rates between bulk and
surface states. These models consistently predict mul-
tiexponential behavior to account for the nonexponential
decays. ' ' Nonlinear models involving bimolecular or
Auger terms are also considered to predict the decays of
experiments designed to produce many carriers per crys-
tallite, a regime in which these nonlinear effects become
important. '

A different approach to fit data empirically was taken
by O' Neil, Marohn, and McLendon. Unable to fit their
data to multiexponentials satisfactorily, despite their very
low-intensity excitation source, they included a stretched
exponential term expI (tl~)~I, to th—eir fitting function,
a term related to distributed kinetics models. As motiva-
tion for introducing the term, they cite James and
Ware, ' who show that multiexponential fits to decay
data can be greatly misleading. They argue that a more
appropriate term is one predicted by distributed kinetics,
as is the stretched exponential, but they make it clear
that they assign no physical meaning to their overall
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fitting function.
In this work we further examine the relaxation phe-

nomena in a commercially available borosilicate glass
matrix embedded with nanocrystallites of CdS„Se,„.In
Sec. II we give a description of the samples that were in-
vestigated and the apparatus used to study them. In Sec.
III we outline our method of interpreting data using a
stretched exponential, and present temperature-
dependent results based on this analysis. Section IV is
devoted to a discussion of the physical models -which we
use to interpret our results, and a justification for the pic-
ture we adopt: that of excited carriers quickly localizing
to surface states on the crystallites, and recombining on
recombination centers reached via continuous-time ran-
dom walks.

II. EXPERIMENT

The sample used for this study was a commercially
available, long-pass filter glass RG610 from Schott Glass

Inc. This composite system is comprised of a colloidal
suspension of -0.1% by volume fraction CdS„Se&
nanocrystals in a borosilicate glass matrix. A transmis-
sion electron microscopy (TEM) micrograph of this ma-
terial [see Fig. 1(b)] shows that the glass contains roughly
spherical nanocrystallites with an average diameter of
6.S+4 nm. Experiments were also performed on a glass
sample that was heat treated at 645'C for 48 h. The re-
sult of this treatment was a growth of the nanocrystals to
an average diameter of 18+9 nm [see Fig. 1(a)], thereby
increasing their area by a factor of 7.6 and their volume
by a factor of 21. The volume-to-surface ratio increased
from -2 in the small crystallites to -6 in the larger
ones. In addition, the larger crystallites acquired some of
the elongated and faceted shape characteristics of large
crystallites. The heat-treated glass and virgin glass will
be designated glass A and glass 8, respectively.

Linear absorption and luminescence data for each glass
are given in Fig. 2. The absorption spectra, taken from
250-pm-thick samples, exhibit bumps which are charac-
teristic of electron-hole-confined states, and, as expect-
ed ' are more prominent in the small crystallite sample.
Also shown are least-squared fits of the data to
a = A Qh v E, the —calculated absorption spectrum of a
direct gap, parabolic band semiconductor. The absorp-
tion tails which extend beyond the parabolic absorption
bands are most likely due to distributions of localized
trap states rather than to size confinement e6'ects related
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FICx. 1. Bright field transmission electron micrograph of
glasses A and B in (a) and (b), respectively. The samples were
mechanically thinned and dimpled, then ion milled and carbon
coated. The darker spherical dots are the nanocrystallites. The
nanocrystallites in glass A are observed to possess an elongated
and faceted shape.

FIG. 2. Linear absorption and luminescence curves for
glasses A and B in (a) and (b), respectively. Also shown as the
thinner curves are least-squares fits to the absorption data of the
calculated absorption spectrum, a = A +h v E~, of a direct-
gap, parabolic band, bulk semiconductor. a is given in cm
before the logarithm is taken. The luminescence peak of (b) is a
factor of —", larger than that of (a).
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to the broad particle size distributions: no convolution of
delocalized electronic states from different crystallite
sizes could extend absorption any lower than the bulk
band edge. If the distributions of these states were purely
exponential, the absorption tails would appear linear on
the semilog axes. By approximating these sections of the
spectra as linear, we may infer characteristic energies
k To for the distributions of localized states. This pro-
cedure results in values of TO=450+50 and 500+50 K
for glasses 3 and B, respectively.

Luminescence spectra were measured with the same
pump beam and same power densities as used in the
pump-probe measurements (see below) as an excitation
source. The intensity of the main peak in the lumines-
cence spectra showed an exposure time dependency, as
well as a shift with increasing power. The latter is related
to sample heating, and corresponds to a temperature shift
of the band edge (see Sec. III C). The former effect is re-
lated to the darkening of the sample as first recognized by
Roussignol et al. In order to characterize the samples
in a stable darkened state, we exposed one spot of the
sample to the laser beam until no change in the lumines-
cence spectra could be observed. The luminescence mea-
surements thus obtained exhibited features similar to
those which have been observed previously in these ma-
terials: the main peak at 2.0 eV is attributed to band-to-
band deexcitation, whereas the broad peaks at 1.8 and 1.6
eV are attributed to band-to-trap-state deexcitation. The
data show that the relative ratio of band-to-band lumines-
cence to band-to-trap luminescence is different in the two
darkened samples, and that the two distinct trap features
at 1.8 and 1.6 eV have different ratios.

The relaxation data were obtained using a two-color pi-
cosecond pump-probe technique and spanned the time
range from 10 ps to 4 ns. An intense pump pulse
transfers carriers from the ground state, producing an ab-
sorption and transmission change which is probed by a
delayed, weak probe pulse. The pump and probe pulses
were obtained from two synchronously pumped dye
lasers, one using rhodamine 6G and the other 4-
(dicyanomethylene)-2-methyl-6-( p-dimethylaminostyryl)-
4H-pyran (DCM) The lasers, pumped by frequency-
doubled light from a mode-locked Nd:YAG (yttrium
aluminum garnet) laser operating at a 76-MHz pulse re-
petition rate, produced —5-ps pulses at 2.17 (pump) and
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1.95 eV (probe), respectively. The pump and probe pulses
were measured to be nearly transform limited, and there-
fore exhibit spectral linewidths of the order of 3 meV (1
nm). Figure 3 shows a schematic of the experimental ar-
rangement. The overall system resolution, including
pulse jitter, was determined using two-photon absorption
in pure CdS as a cross-correlation. This measurement
was performed over a typical scan period ( —10 min) and
resulted in a 12-ps minimum time resolution for the sys-
tem. In Sec. III C we discuss the effect of the static pump
and probe wavelengths used for temperature-dependent
measurements.

The low-temperature data were taken with 340- and
310-pm-thick samples of glasses A and B, respectively,
placed in a helium Aow cryostat. The temperature was
monitored with a Ga, Al„As diode, and controlled
with a small resistive heater connected to a temperature
controller, resulting in a temperature resolution of less
than 1 K. The crucial aspect of this experiment was to be
able to probe the same volume of glass on each sample at
all temperatures consistently. Though the sample arm of
the cryostat would contract or expand with a change in
temperature, careful positioning using pinhole masks and
reAected beams as guides guaranteed consistent data.

High-temperature data were taken with 2-mm-thick
samples rigidly mounted in thermal contact with a strip
heater capable of producing temperatures up to 700 K.
The temperature was monitored using a type-K chromel-
alumel thermocouple probe in contact with the back of
the glass samples near the exit point of the laser beams,
resulting in a temperature uncertainty of at most 5 K.
The average pump intensities at the sample were 1.0 and
0.6 kW/cm for data below and above room temperature,
respectively. The average probe intensity at the sample
was 20 W/cm at all temperatures. These intensities,
which correspond to a maximum fluence of 40 pJ/cm,
are well below those characteristic of Auger recombina-
tion. '
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FIG. 3. Schematic of the pump-probe experimental setup,
where AOM represents the acousto-optic modulator, L a 200-
mm focal length biconvex lens, SDCx the semiconductor-doped-
glass sample, and PD a fast photodiode.
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FIG. 4. Representative decay data (glass A at 20 K) and two
least-squares Qts. The dots represent the data, the broken line
represents the best single exponential fits, exp[ —at], and
the solid line represents the best double exponential fit
A exp[ at)+8 exp[ bt] to the data. — —
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III. RESULTS AND DISCUSSIQN 1.0

A. Stretched exponential Sts
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FIG. 5. Shown here are the same data as depicted in Fig. 4,
along with the best stretched exponential fit A exp[ (t /r)s] to-
the decay.

A representative pump-probe decay curve is shown in
Fig. 4, along with least-squared fits to two common fitting
functions: the single exponential and the double exponen-
tial, the latter arising from linear relaxation models. '

The data for the change in transmission hT are better de-
scribed by a double exponential A exp I at I—
+B expt btI,—but the fit clearly oscillates about the
smooth decay of the data. If we truncate our data to in-
clude only 1 —1 —,

' decades of time, the discrepancy is ob-
served to become much smaller; it is only by utilizing the
full time range of this experiment that the qualitative
weakness of the double exponential fit becomes apparent.
On the other hand, as shown in Fig. 5, the stretched ex-
ponential fit to the data, A expI (t/~—)~J, smoothly fol-
lows the decay. The major area of discrepancy occurs
within the first 30 ps of the decay. As we shall see below,
the models that predict stretched exponential decay pre-
dict different forms in the short-time limit of the decay.
For this reason, and to account for pulse-shaping effects,
we allow the overall multiplicative constant A to vary
when we perform our least-squared fits despite having
normalized the maximum of the decay at time "zero" to
one.

Similarly, it must be noted that in glass B a slow, time-
varying absorptive recovery was observed at low temper-
atures which caused some of the data curves to extend
below the dc offset level achieved before the pump pulse
arrived. An example curve is shown in Fig. 6. This
behavior is indicative of an effect that is slow compared
to the 4-ns time scale of our experiment but comparable
to the 14-ns period of the mode-locked laser pulses. In
order to extract fitting parameters from such curves, we
fit the data to a stretched exponential equipped with an
artificial offset, C:

0.5
l-
CI

0.0

0.0 1.0 2.0 3.0
Probe Delay (ns)

4.0

FIG. 6. Glass B data exhibiting a slow absorptive recovery.
The data before the peak represent the recovery obtained be-
tween excitation pulses (13 ns).

AT=A. exp[ ( t /—~)~]—C

and allowed C to vary along with A, ~, and p. Four
different sets of data from this sample, unaffected by the
absorptive recovery, were fitted with both this function
and the regular stretched exponential fit. In each case
the returned values of r and p differed by less than our
experimental uncertainty.

B. Intensity and exposure sensitivity

The behavior of the dynamics as a function of both in-
tensity and laser exposure was explored in detail at room
temperature. Two different intensity measurements were
performed. In one experiment the modulation of the
pump beam was kept the same while the overall average
power was varied. In another experiment the average
power was held constant while the duty cycle of the
modulation was modified. In the first case, primarily the
effects of sample heating were probed, while in the second
case the dependence on initial carrier concentration was
probed. In each case only a weak dependence of the de-
cays on pump power was observed from 0.2 to 1.2
kW/cm . There are two primary conclusions that we
may draw from these experiments: (I) Auger recombina-
tion, observed in other situations involving higher pump
intensities, is negligible in our system; and (2) p is in-

dependent of power over our experimental range of pump
powers.

Most importantly, however, the dependence of the dy-
namics as a function of laser exposure was also studied.
This effect had to be carefully scrutinized, since it is well
known that the response time is a function of photodark-
ening. To examine this effect in our samples, we exposed
a virgin spot of glass A to 50-mW average pump power
focused down to a 60-pm-diameter spot, and obtained re-
laxation data at various times during the exposure. A
plot of the r and p parameters as a function of exposure
time is given in Fig. 7. It is clear here that p is indepen
dent ofpump exposure. This is a crucial result, validating
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FIG. 7. Plot of fitting parameters vs laser exposure time for a
virgin spot of glass A. Filled squares represent v., open triangles
represent P.

all our data on P from the point of view of photodarken-
ing effects.

C. Temperature dependencies

Changing the temperature affects many of the optical
properties of these materials. As in a bulk semiconduc-
tor, for example, changing the temperature changes the
band-gap energy. Temperature-dependent luminescence
measurements undertaken on glass B indicate that be-
tween room temperature and 600 K the change in band
gap with temperature is linear with a slope of—7.2X 10 eV/K. This is in very good agreement with
Borrelli et al. , from whose data on CdS Se& ~ doped
glasses can be extracted a value of —7.3X10 eV/K,
quite different from the value of —4 X 10 eV/K quoted
for bulk CdSe. Thus, by heating the sample yet keeping
the probe wavelength fixed, one can shift the band edge
below the energy of the probe, in effect changing the
states probed by the probe beam. To investigate the
dependence of the relaxation on this shift, we first heated
glass B to a temperature at which the luminescence peak
was centered on the dye response curve, and then tuned
the probe laser above and below the luminescence peak to
see whether there was a change in the dynamics. (see
Fig. 8). Clearly, there is no dependence of the relaxation
on the position of the probe beam within the first
luminescence peak.

It may be noted, however, that cooling from room tem-
perature down to 4 K with an extrapolated —7.2 X 10
eV/K band-gap variation results in a band-gap increase
of over 200 meV. Assuming that the whole energy struc-
ture shifts with the change of band gap, this would imply
that at 4 K the experiment probes states that are 200
meV below those investigated at room temperature. At
first glance, this appears to be particularly disturbing,
since room-temperature luminescence curves (Fig. 2)
display marked trap peaks at these energies. We claim,
however, that since luminescence relaxation involving
these trap states have been shown to exhibit ps decay
times, they should not affect any studies carried out on a
picosecond time scale. ' We argue that our transient sig-

FIG. 8. Glass 8 decay data from two sides of a high-
temperature (T=452 K) luminescence peak. The inset shows
the corresponding high-temperature luminescence, and the vert-
ical lines indicate the two probe energies.
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FIR. 9. p vs temperature for glasses A and 8 in (a) and (b),
respectively.

nals are due to the same states that form the primary
luminescence peak, but are probed out in the tail of their
overall distribution. This is in qualitative agreement with
the smaller signal intensities we observe at colder temper-
atures: small enough that in glass B we could not obtain
reliable data below 50 K for the pump-probe measure-
ments.

The temperature-dependent decay data are shown in
Fig. 9. Both glasses are observed to have two distinct
temperature regimes with respect to p. At lower temper-
atures, p remains nearly constant, while at higher tem-
peratures p increases linearly with increasing T. It was
also observed that from room temperature down to 4 K,
~ went up from 50 to 160 ps for glass A and from 50 ps to
over 260 ps for glass B.
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IV. ANALYSIS OF THE DECAY DATA

We choose to analyze our data using a stretched ex-
ponential decay fit. Stretched exponentials are charac-
teristic of systems which exhibit broad distributions of
event times. Since this is a property independent of
specific microscopic details, stretched exponential
behavior has been observed in a wide variety of experi-
ments, such as those involving polymer relaxation,
dielectric response of glassy systems, carrier recombina-
tion in a-Si, and remnant magnetization in spin
glasses. A general feature of these systems is that they
all display disorder of some type. It is the disorder which
creates the distribution of event times that gives rise to
this nonexponential behavior.

Stretched exponential behavior associated with
sequential-parallel processes (carriers moving then
recombining} is predicted in the literature by several ver-
sions of random-walk models. We will analyze our data
using a pseudounimolecular, continuous-time random-
walk "trapping model" which contains the salient
features required to explain the relaxation process. In
this model, a survival probability is calculated for one
carrier moving randomly on a geometrical structure
characterized by its dimension d and a density p of some
fixed recombination centers. With the assumption of in-
dependent carriers, the survival probability of a popula-
tion of carriers is given by the same function.

An element of any continuous-time random walk is
g(t), the probability distribution that a carrier sitting on
a site will move to a next site after a time t. The form of
g(t) depends upon the model used to describe transport
between sites, and determines the survival probability of
the carrier as a function of time, N(t) If the fir. st mo-
ment ro of f(t) is finite, one expects a long-time asymp-
totic form of

d j(d+2)
4(t) ~exp ' —Cp

TQ
(2)

where C is a numerical constant assumed to be of the or-
der of unity, and P is temperature independent and equal
to d/(4+2). Since both hopping transport and tunnel-
ing between localized states may be characterized by a
mean time, one expects decays governed by either of
these types of transport to be characterized by Eq. (2) in
the long-time limit. It must be noted that though Eq. (2}
has been rigorously proven for this model, the conver-
gence of computer simulations cited in Ref. 29 is very
slow for d ) 1, becoming unobservable at d ~ 3.

If 7 p is not finite, we expect a different behavior for
@(t). In the multiple trapping model of transport, for ex-
ample, carriers are thermally ejected from and retrapped
in an exponential distribution of trap states below a mo-
bility edge. ~o for this model diverges, since g(t) is calcu-
lated to exhibit a long-time algebraic tail. In this case,
one expects the medium-time limit of the decay (not well

defined; see Ref. 29 of the derivation and Refs. 30 and 31
for applications) to be a stretched exponential with a
temperature-dependent P= ( T/To )(d /2), where To is

the characteristic temperature of the distribution of trap
states and d (2, or P=T/To for d &2. This model

holds for T ( Tp, above —Tp, diffusion starts to govern
the transport and P is expected to saturate near 1.

If these models are to be consistent with the rapid
( ~ 10 ps} transfer of photogenerated carriers to surface
states, as suggested by previous studies, we expect
the observed relaxation dynamics (1) to be dependent on
a low-dimensionality random-walk process of some kind,
and (2) to be intensity independent for intensities not too
high. The latter was observed, as mentioned in Sec. III
B. In order to explore the former possibility, we mea-
sured the temperature dependence of the fit parameter P
over a range of temperatures from 4 to 600 K. The re-
sults shown in Fig. 9 show that for both samples P has a
temperature-independent region from 4 to 250 K, and
then behaves in an essentially linear fashion from 300 to
450 K. The linear behavior at higher temperatures,
P-T/T*, is predicted by the multiple-trapping model,
where T*=2TO/d for d (2 and T*=TO for d &2. To
can be estimated independently from the absorption tails
in Fig. 2, as mentioned in. Sec. II, as well as by the tem-
perature at which P begins to saturate. T, as measured
from the slopes of the two lines, is 510+50 K for glass A
and 500+30 K for glass B. Using these results we can ex-
tract the dimension d on which the multiple-trapping
transport takes place. At high temperatures, the data re-
veal that d =1.8+0.3 and 2.0+0.2 for glasses A and B
respectively, consistent with multiple trapping taking
place on the surface of the crystallites. Note that because
of the near equivalence between T and Tp in glass B, we
cannot formally distinguish between d =2 and d)2.
The data are consistent with d =2, however, and because
of the importance of the surface in carrier dynamics (as
outlined in Sec. I) we may interpret the data to support
these findings.

At lower temperatures, one expects multiple trapping
to given way to either hopping transport or tunneling be-
tween localized states. The temperature-independent na-
ture of P as the samples are cooled is consistent with
these models. In either case one may extract the dimen-
sion d from the observed values of P: in glass B, d
remains close to 2 (1.7+0.4), while that in glass A be-
comes 1.1+0.1. An exact explanation of the different
behavior between the two glasses would require a micro-
scopic model of the energy surface morphology of each of
the nanocrystals. Based on TEM images of the samples,
we may speculate that this difference is related to the
shape of the crystals. The small crystallites of glass B ap-
pear spherical, while the larger crystallites of glass A ap-
pear to have acquired some of the elongated and faceted
nature of larger crystals. Our data, then, suggest that a
low temperatures motion and recombination along edges
is preferred over motion across surfaces.

To distinguish between hopping or tunneling transport,
both of which predict a temperature-independent P at
low temperatures, one may examine the behavior of ~.
Tunneling would imply a temperature-independent ~, as
thermal effects are not considered in this type of trans-
port. While this regime was observed in a similar experi-
ment performed on C6p polycrystalline films, Fig. 10
clearly shows that w depends on temperature in our sys-
tem. Variable-range-hopping models predict that the
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to useful values. This is because ~ is not related in a
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Both are reasonable values, considering that the LO pho-
non frequencies in CdSe and CdS are from 6X 10' to
9X10' s ' (Ref. 38), and that N(E~) is of the order of
the density of states at the band edge in semiconductors.

The variation of ~ with T in sample A, however, is not
strong enough to be fitted properly to the variable-range-
hopping model with 1&d &3. This is rather puzzling,
since one would expect two such similar systems to be
qualitatively consistent with the same transport models.
Further work will have to be done to determine the ori-
gin of the temperature dependence of ~ in glass A at low
temperatures.
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mean hopping time ~o varies with temperature as

I gT —1/(d+1)I

where v h is an attempt-to-escape frequency, usually tak-
en as the phonon frequency, and

' 1/(d+1)
3

kN(E~)
jp oc (4)

where k is the Boltzmann constant, N(EF) is the density
of states at the Fermi level, and a is the decay length of
localized-state wave functions. As shown in Fig. 10(b)
the variation of ~ with T in sample 8 is reasonably well
described by the variable-range-hopping model. Howev-
er, the fit of the data to Eq. (3) is rather insensitive to the
value of d in the range 1 &d &3: in all cases the plot of
ln(1/r) versus T '~'"+" gives straight lines. The
analysis of the measured variation of ~ leads to estimates

FICx. 10. Low-temperature behavior of ~ for glasses 2 and 8
in (a) and (b), respectively. In each graph are plots of ln(1/~) vs

T ' '"+"for d =1 (open circles), d =2 (filled circles), and d =3
(open triangles), where 1/~ is computed in ps and T is given
in K before taking the inverse power. A linear curve on any of
these axes indicates consistency with activated hopping as de-

scribed in the text.

V. CONCLUSIONS

In conclusion, we have examined the picosecond relax-
ation of photoexcited charge carriers in two CdS„Se&
nanocrystallite glasses as a function of temperature. A
model is proposed in which carriers are quickly localized
to surface states and recombine on recombination centers
reached via continuous-time random walks. This model
predicts stretched exponential decays that are functions
of two parameters r and p. Analysis of p(T) reveals that
for 300 K & T &450 K this picture is consistent with
carrier transport governed by multiple-trapping processes
confined to two dimensions. At temperatures from room
temperature down to 4 K, p is independent of T for the
larger crystallite glass, glass A, and consistent with ac-
tivated hopping transport further confined to a dimension
near 1. This model of transport is supported by the
analysis of ~. %'e speculate that the carriers in this sam-
ple may preferentially move along facet edges as opposed
to over the surfaces of these larger nanocrystals. The
low-temperature variation of p in the smaller crystallite
glass, glass B, is consistent with dynamics confined to two
dimensions, but the observed variation of w is not con-
sistent with activated hopping.
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