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High-resolution, fast optical hole-burning results are reported for the amorphous system cresyl 
violet in ethanol glass at 1.3 K. Holes are burned and detected using a novel technique which 
allows precise detection of narrow ( - 0.03 cm - ’ ) , shallow ( - 1% > holes 10 ps to 50 ms after 
their generation. The technique is described in detail along with careful tests demonstrating the 
validity of its results. The hole width is observed to increase linearly with time when plotted 
against log time. Using the four time correlation function description of optical hole burning, 
the time-dependent increase in hole width (spectral diffusion) is shown to arise from a broad 
distribution of fluctuation rates in the glass with the probability of having a fluctuation at rate 
R proportional to l/R. The 10 ,QS to 50 ms data is combined with hole-width data spanning the 
range 100 ms to 10 000 s and with two-pulse picosecond photon echo data. The two-pulse 
photon echo linewidth is calculated by extrapolating the fluctuation rate distribution obtained 
from the hole-width data to short times. The results are in excellent agreement with 
experimental echo results. The combined data from the two sets of hole-burning experiments 
provides a detailed description of the glass dynamics over nine decades of time, 10 @OO s to 10 
pus. Together with the two-pulse photon echo results, the data provide information on the glass 
dynamical behavior over seven decades faster in time as well. The net result is a description of 
the dynamics in low-temperature ethanol glass on time scales spanning 16 decades. 

1. INTRODUCTION 
This paper presents the results of waiting-time- ( T, ) de- 

pendent hole-burning experiments on the system cresyl vio- 
let in glassy ethanol-d (ethanol with the hydroxy hydrogen 
replaced by deuterium). The T, dependence, that is, the 
dependence of the hole linewidth on the waiting time be- 
tween burning and detecting the hole, of cresyl violet in eth- 
anol-d has been reported in detail earlier in the range 0.1 
s < T, < 10 000 s, and a preliminary report has been given 
for the range 10 ,us < T, < 0.1 s.’ By varying the waiting 
time in hole-burning experiments between 0.1 and 10 004 s, 
the glass fluctuation rate distribution, P(R) (the probability 
ofhaving a fluctuation with rate R) between 10F4 and 10 Hz 
was determined. The rate distribution in this region was re- 
vealed to be log normal. In this paper high-resolution hole- 
burning experiments and associated theoretical consider- 
ations are presented for the range 10~s < T, < 0.1 s. A novel 
technique for quickly burning and detecting optical holes 
will be described in detail along with thorough tests of the 
validity of the results. 

The dynamics of glasses and supercooled liquids, as well 
as other complex systems such as liquids and proteins, are 
generally characterized by a very broad distribution of relax- 
ation times.‘-r4 The results of stress-relaxation experiments 
provide good examples of this.4 These kinds of mechanical 
experiments are quite useful in examining the dynamic spec- 
trum of glasses at relatively high temperatures. Other experi- 
ments such as the response of ionic glasses to an applied 
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current or dielectric relaxation of glasses also prove use- 
ful.“-’ With few exceptions,“’ however, these techniques are 
not suited to studying the dynamic properties of glasses at 
low temperature. Furthermore, these methods cannot cover 
a very broad range of time scales, and therefore they cannot 
examine the very broad range of relaxation rates that can 
occur in glasses and other complex systems. 

Low-temperature studies of t ime-dependent properties 
have consisted mostly of time-independent thermodynamic 
measurements, the results of which are interpreted in terms 
of low-frequency glassy modes with a broad distribution of 
fluctuation rates. Temperature-dependent specific-heat 
measurements of glasses are classic examples of this.8-*’ 
While these experiments are sensitive to the dynamics of 
glasses, they effectively integrate the time response of the 
system across several decades. Thus, any time-dependent in- 
formation is lost. Nevertheless, in order to explain the results 
of the thermodynamic measurements, specifically the non- 
Debye heat capacities of inorganic glasses, Anderson, Hal- 
perin, and Varma15 and Phillips16 used the concept of a 
broad distribution of dynamic rates in the two-level system 
(TLS) model of glass dynamics. The supposition is that a 
glass contains many TLS’s; the ensemble of TLS’s exhibits 
broad distributions of energies and relaxation rates (tunnel- 
ing parameters). A TLS is described by an asymmetric dou- 
ble-well potential with an energy asymmetry E and a tunnel- 
ing parameter between the wells, R. Thus, each TLS will 
have a different activation energy and fluctuation rate. In the 
original TLS model the distributions of energies and tunnel- 
ing parameters were assumed to be constant. This was suffi- 
cient to model the limited thermodynamic data available at 
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that time. However, more realistic, system-dependent distri- 
bution functions are required to successfully model the vast 
amount of data now available. Nevertheless, this model ex- 
plained the low-temperature glass thermodynamic data 
quite well, but provided only indirect evidence for a broad 
distribution of fluctuation rates. 

Subsequently, low-temperature dielectric relaxation6*7 
and time-dependent heat-capacity measurements’7-20 gave 
the first direct evidence of broad fluctuation rate distribu- 
tions. It should be noted that the validity ofthe heat-capacity 
measurements have been called into question.‘l Neverthe- 
less, the time dependence of low-temperature glass physical 
properties was conclusively demonstrated. Spectroscopic 
techniques were also employed and proved useful. Acoustic 
experiments such as phonon echoes2’ and ultrasonic attenu- 
ation23-25 in addition to optical techniques such as hole 
buming26-28 and fluorescence line narrowing29 are good ex- 
amples of this. However, these techniques again did not di- 
rectly probe the distribution of rates since they either inte- 
grated the response of the system over a wide range of times 
or probed only a narrow band of rates (a single time or nar- 
row range of times). 

These limitations were sometimes inherent properties of 
the experiments. Fluorescence line narrowing, for example, 
is limited to probing rates on the order of the inverse of the 
fluorescence lifetime. In principle, hole-burning spectrosco- 
py can investigate an extremely broad range of solvent fluc- 
tuation rates. Hole burning has been shown theoretically to 
be the frequency domain equivalent to the time-domain 
stimulated photon echo (three-pulse echo) experiment. The 
four-time correlation function that describes the hole-burn- 
ing experiment is the Fourier transform of the correlation 
function that describes the stimulated echo third-order po- 
larization. Hole burning is sensitive to all fluctuations faster 
than the waiting time ( T, ) between burning and reading the 
hole and slower than the two-pulse echo dephasing time.30 
This was not recognized until relatively recently. Thus, wait- 
ing times were usually longer than 100 s and were never 
varied. Breinl, Friedrich, and Haarer performed the first T,- 
dependent hole-burning experiment and noted that the hole 
broadens logarithmically in the range of a few minutes to 
several days.14 Still, the true utility of this technique had not 
been exploited. 

Soon after the work of Breinl, Friedrich, and Haarer, 
time-resolved coherence experiments began to be used to 
study low-temperature glass dynamics. Accumulated grat- 
ing echoes,3’p32 two-pulse photon echoes,33 and stimulated 
photon echoes3’36 were the first to be reported. These tech- 
niques were also limited in the range of relaxation rates they 
could study. For example, the decay measured in a photon 
echo experiment is sensitive to rates on the order of the reci- 
procal of the delay time between the pulses in the se- 
quence.30*37*38 However, two-pulse echo results were com- 
pared to hole-burning data with some success in determining 
the fluctuation rate distribution.30 The experiments de- 
scribed here and previously’.39 are the first detailed uses of 
spectroscopic results in mapping the fluctuation rate distri- 
bution of a low-temperature glass. Unlike in Ref. 39, where 
the recovery of a transient hole was measured at a single 

frequency, the experiments detailed here record hole widths 
as a function of time. The ability to measure dynamical 
events over several decades of time is central to the theme of 
this paper. To this end, reference is made to the work of 
Scher, Shlesinger, and Bendler,40 where transient photocur- 
rent experiments on amorphous semiconductors have yield- 
ed dispersive transport and relaxation dynamics over 6-10 
decades. 

Understanding dynamics in glasses and other complex 
systems, that have very broad and unknown fluctuation rate 
distributions, is fundamentally different from the more con- 
ventional problem of dynamics in crystaline solids. In a crys- 
tal the fluctuations arise from the phonon modes that collec- 
tively act as a heat bath. At low temperatures the phonon 
modes are well characterized by a Debye density of states. 
The full phonon spectrum of a crystal can be measured with 
neutron scattering. Therefore the fluctuation rate distribu- 
tion is known. At low temperature it is proportional to 02dw. 
Understanding optical linewidths (dephasing) or other dy- 
namical phenomena involves determining the mechanism 
and strength of coupling of the subsystem of interest to the 
phonon heat bath. In a glass both the fluctuation rate distri- 
bution and the coupling of the optical center to the environ- 
ment are unknowns. 

Elucidating the fluctuation rate distribution is of funda- 
mental importance in understanding glasses. When the TLS 
model was first introduced, it was noted that a flat distribu- 
tion of TLS energies and fluctuation rates would account for 
the observed properties of glasses at low temperature known 
at that time. The temperature dependence of thermodynam- 
ic, acoustic, and spectroscopic properties of glasses have 
since been studied much more extensively.9-13*22-36*4143 
Usually the temperature dependences of these results differ 
slightly from what the TLS theory coupled with these simple 
distribution functions predicts. For example, the constant 
distribution of TLS energy splittings (equal probability of 
any splitting) originally proposed predicts a linear tempera- 
ture dependence for heat capacitieP6 and for hole-burning 
linewidths. The actual dependences of these quantities are 
usually somewhat superlinear. T ‘.3 is a common result.4143 
In order to account for this, different distributions of TLS 
energies and fluctuation rates have been proposed.-’ 
These distributions have been successful in modeling the 
various experimental results. However, the validity of these 
theories could not be tested since no experiment existed to 
actually measure the distribution of fluctuation rates in these 
systems. 

The T,,,-dependent experiments introduced in this paper 
have that ability. Now theories of glass dynamics can be 
tested against the experimentally determined fluctuation 
rate distributions. The original TLS distribution functions 
predicted a l/R density of fluctuation rates. The results re- 
ported previously for very slow fluctuation rates in ethanol’ 
yield a log normal distribution. The data reported in Sec. III 
extend the knowledge of the fluctuation rate distribution to 
substantially larger rates. The results indicate that the prob- 
ability rate distribution follows a l/R behavior for rates be- 
tween lOI and 10’ Hz. The significance of this is also dis- 
cussed in Sec. III. 
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II. EXPERIMENTAL PROCEDURES 

The sample studied was a 1.2 x 10 - 4~ solution of cre- 
syl violet (Exciton) in ethanol-d. Previous work has found 
the hole width to be independent of concentration in this 
range.’ It should be noted that previous experiments have 
determined that the low-temperature dynamics of ethanol-d 
are identical to those of ethano1.1*30’48 Ethanol-d was chosen 
because it has factor of - 20 lower per&rent hole-burning 
efficiency.30*48 This allowed transient holes to be recorded 
repeatedly on the sample without forming a substantial per- 
sistent hole. After being placed in a 1 mm spectroscopic cu- 
vette, the sample was quickly cooled to liquid-helium tem- 
peratures in a 4He bath cryostat. The cooling rate was rapid 
enough to avoid formation of the alternate glassy phase of 
ethanol that has been observed previously in thermodynam- 
ic and optical experiments.49*s0 

All spectra were recorded on the red side of the O-O 
absorption at 620 nm. This is well to the red of the absorption 
maximum at 610 nm.48 The optical density of the sample at 
this wavelength was 0.6. The laser source for this experiment 
was a Coherent model 599-2 1 scanning single-mode dye la- 
ser pumped by an Innova 90-5 argon-ion laser run in all-lines 
mode. The Ar + laser was operated in this fashion so that 
some of the light could be split off without affecting the dye 
laser performance. This extra light was used to erase accu- 
mulated persistent holes as is described later. 

The purpose of this experiment is to burn and detect 
narrow spectral holes with waiting times faster than 100 ms. 
Holes with waiting times between 100 ms and 10 000 s were 
detected previously.’ The method used to record the results 
reported in Ref. 1 involved burning a hole with a short laser 
pulse (on the order of 10 ms) and scanning the laser frequen- 
cy across the hole spectrum after a variable waiting time. 
Because the laser had to be scanned to record the holes 
(maximum scan rate Z 100 MHz/ms), spectra could not be 
recorded with waiting times faster than - 100 ms. 

In order to record holes with shorter waiting times, a 
new method was required. Previously, workers have record- 
ed transient spectral holes quite simply. Using a short, rela- 
tively narrow-band pump pulse, a hole was burned and then 
was quickly detected with a broadband light source and a 
monochromator.51 This was used primarily because the sys- 
tems studied exhibited only transient hole burning (i.e., per- 
sistent spectral holes could not be burned), not because the 
researchers were interested in the time dependence of the 
hole linewidth.” This method (monochromator detection) 
would not be practical for detecting the narrow spectral 
holes studied here. Holes can be as narrow as 200 MHz in 
these glasses. This corresponds to 0.007 cm - ‘. The ability to 
detect small changes in linewidth for these narrow holes is 
well beyond the resolution of monochromators. 

To detect these narrow spectral holes without scanning 
the laser, the experiment was performed with two beams of 
different frequencies. One short intense beam burned the 
hole, and the second, a weak cw probe, read the hole. The 
reading beam was not scanned but measured the time re- 
sponse of the absorption at a single frequency. Thus, instead 
of measuring the entire spectrum of the hole at certain dis- 
crete times, the entire transient optical density is measured 
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at certain discrete frequencies. Important here is that the 
entire hole (assumed symmetric) is reconstructed at differ- 
ent weighting times. The absorption recovery at a given fre- 
quency can be influenced by such processes as spontaneous 
hole filling or persistent hole formation which may make the 
technique detailed in Ref. 39 less certain. The light from a 
single laser source was split into two beams and the frequen- 
cy of one was shifted relative to the other with an acousto- 
optic modulator ( AOM). The method is described in detail 
below. 

The experimental apparatus is diagramed in Fig. 1. The 
output of the CR599-21 was amplitude stabilized using an 
acousto-optic modulator controlled by a reference photo- 
diode and feedback circuit. By this method, fast fluctuations 
and long-term drift were stabilized to better than f 2%. 
The light was then split equally into two beams. The first, 
dubbed the burning beam, was amplitude modulated by two 
40 MHz acousto-optic modulators ( AOM’s) and a mechan- 
ical shutter. The AOM’s had a combined 5 X 105:1 dynamic 
range of attenuation and a time response of better than 1 ,us. 
The mechanical shutter had a time response better than 1 
ms. The AOM’s were used to create the short burning pulses, 
and the shutter blocked the weak leakage light when the 
burning beam was not required. Since the laser output was 
amplitude stabilized, the bum pulse energy was kept con- 
stant to within a few percent. 

The second beam, called the reading beam, passed 
through a variable attenuator, a frequency shifter, a mechan- 
ical shutter, and a spatial filter before reaching the sample. 
The variable attenuator was a polarizer, half-wave plate, po- 
larizer combination which had a dynamic range of - 105: 1. 
The frequency shifter was an AOM driven at 300 MHz. The 
frequency of the reading beam could be shifted in increments 
of 300 MHz by successively passing the diffracted beam back 
through the modulator. The crystal’s dimensions were large 
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FIG. 1. Experimental apparatus used to record fast waiting-time-dependent 
optical holes. The dye laser output is split into burning and reading beams 
which run counterlinearly through the sample allowing continuous moni- 
toring of the optical density (OD) after burning. The OD is monitored as a 
function of time at a number of discreet frequencies. Sh-shutter; AOM- 
acousto-optic modulator; Att-variable attenuator; FS-frequency shifter, 
a multipassed 300 MHz AOM; PD-photodiode; PMT-photomultiplier 
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enough to diffract the beam up to five times in this fashion. 
Thus frequency shifts as large as + 1.5 GHz could be ob- 
tained. Figure 2 is a plot of a permanent hole detected by 
scanning a 1.58 GHz shifted reading beam. The extra 80 
MHz is due to the two 40 MHz AOM’s in the burning beam. 
A permanent hole detected by scanning an unshifted beam 
would appear centered at zero offset. The apparent shift of 
the hole spectrum is 1.58 GHz. 

Each pass through the frequency shifter distorted the 
beam profile somewhat so that by the fifth pass the beam 
profile was extremely non-Gaussian. Therefore, the beam 
was passed through a spatial filter before continuing. The 
spatial filter consisted of a 20 cm lens and a lOOpurn pinhole 
at the focus. All rings of the Airy pattern were blocked and 
only the central spot was allowed to pass. Not only did this 
clean up the beam profile, but it also had the advantage of 
making the focal characteristics of the beam independent of 
the frequency shift. This was critical to the acquisition of 
reliable data as will be discussed shortly. 

Once the beams had passed through the modulating and 
shifting optics, as described above, they were focused onto 
the sample in a counterlinear fashion. The beam alignment 
was checked in two ways as is described below. Two different 
sets of spot sizes were used. In each, the burning-beam spot 
size was kept slightly larger than that of the reading beam to 
minimize the effect of pointing instabilities. The spot sizes 
used were 150 and 450,um for the burning beam and 135 and 
365 pm for the reading beam. Both sets of spot sizes gave 
identical results. 

After the reading beam had passed through the sample, 
it was split off with a 50% beam splitter and sent into a 
cooled photomultiplier tube for detection. Because the burn- 
ing beam was - lo6 times more intense than the reading 
beam, phototube pickup from scattered burning light could 
easily swamp the reading-beam signal. To protect the photo- 
tube from scattered light, the reading beam was passed 
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FIG. 2. Persistent hole spectrum showing the effectiveness of the frequency 
shifter. The hole was burned by irradiating the sample with the burning 
beam. The reading beam, which was shifted by the AOM 1.58 GHz relative 
to the burning beam, was then scanned. The hole shift is 1.58 GHz, indicat- 
ing that there was negligible leakage from other laser frequencies and that 
the frequency shifting was accurate. 

through an AOM which was turned off only during burning. 
The phototube signal, which was on the order of 5 ,uA, was 
first put through a preamplifier (time response - 3 ,us>. The 
amplified signal was then recorded by a 1 MHz, two-chan- 
nel, 12-bit analog-to-digital converter ( ADC), and stored. 
The second channel of the ADC was used to record the sig- 
nal from a photodiode referenced to a pickoff directly before 
the cryostat. Following the acquisition of data, the computer 
divided the transmitted signal by the reference to correct for 
intensity fluctuations. 

The burn-read sequence was as follows. Following a 100 
ms read-beam exposure to determine the base-line transmis- 
sion, a 10-100,~s bum pulse generated a transient hole. No 
data could be recorded during burning due to the intense 
scattered light from the burning pulse. The phototube is pro- 
tected from the scattered light by an AOM during burning. 
Immediately after burning, the read-beam transmission was 
monitored for up to 100 ms. The majority of the transient 
hole had decayed after 100 ms, and the hole had completely 
vanished after 1 s. After the transient hole had decayed, it 
left behind a small ( -0.03%) persistent hole. Therefore, 
holes could be burned repeatedly on the same spot without 
influencing the data. It was verified that the data were not 
dependent upon the number of repetitions when the number 
was less than 100. 

After a small persistent hole had developed, the laser 
could be moved to a new position on the sample or to a new 
frequency. However, to increase the rate of acquisition, a 
hole-erasing procedure was used. Laser-induced hole filling 
has been reported by many authors, most notably Freary, 
Carter and Sma11.52 Irradiation of the sample at a wave- 
length’other than that which burned the hole will, under 
certain conditions, reduce the hole area. To this end, - 250 
mW of argon-ion laser light was picked off before the dye 
laser and used as a periodic erasing beam. Figure 3 shows an 
example of the effect of hole erasing. A deep permanent hole 
is shown along with a scan through the same spectral range 
following erasing. With a spot diameter of -2 mm and an 
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FIG. 3. Before and after scans showing effect ofhole erasing. A deep perma- 
nent hole was burned. After a 10 s exposure of the 7 W/cm* argon ion laser, 
100% of the hole is erased. 
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erasing time of - 10 s, 100% of the hole was removed with- 
out influencing the results of the waiting-time-dependent ex- 
periments (as is shown below). Two shutters were added 
before the detectors to protect them from the Ar + laser 
beam during erasing. 

Before the data reported in the next section could be 
analyzed, it had to be determined whether the techniques 
reported here artificially influenced the results. The two sig- 
nificant differences between this method and that of stan- 
dard hole burning are the burning conditions and the hole- 
erasing procedure. The burning and reading conditions are 
reported in Table I for the two sets of spot sizes used. Also 
reported is the maximum depth of the transient hole ob- 
tained for each power. Recall that both sets of spot sizes 
yielded identical results. Since the burning fluence, reading 
intensity, and burning intensity all differed by at least a fac- 
tor of 2, effects such as local heating and saturation broaden- 
ing were not a problem. 

Nevertheless, a second test was performed as a check. 
Since repeated exposures of the burning beam created a per- 
sistent hole, the long-waiting-time hole width could be mea- 
sured for holes burned with both cw and pulsed conditions. 
Figure 4(a) is a graph of a hole burned in the system cresyl 
violet in ethanol-d using a 100 s exposure of the read beam 
( 15 pW/cm’). The approximate waiting time was 100 s. The 
hole width for this waiting time as reported in Ref. 1 is 2.96 
GHz. The value reported in Fig. 4(a) is in accord with this. 
Figure 4( b) is a plot of a hole obtained with 100 pulses using 
the 150 pm burning-beam spot size and the corresponding 
parameters as listed in Table I. The waiting time for this hole 
was also 100 s. The hole width is essentially unchanged and 
in excellent agreement with the low-power hole width re- 
ported earlier. Therefore, it may be concluded that the 
pulsed burning conditions used in this experiment did not 
artificially broaden the persistent holes. This supports the 
other tests which demonstrated the lack of artificial broad- 
ening of the transient holes. 

The second question is whether erasing the persistent 
holes influenced the data. The transient absorption curves 
reported in the next section are the average of typically 1000 
shots. After every 50-100 shots, the accumulated holes were 
erased with a 10 s exposure of the Ar + laser beam followed 
by a 240 s pause when no data were collected. Figure 5(a) is 
a graph of a hole burned with a 100 s reading-beam exposure 
on a spot where several holes had been previously burned 
and erased. The waiting time was again 100 s. Note that the 
hole was burned 4 min after the last hole was erased. The 

TABLE I. Burn times, bum fluences, and read powers used to create and 
detect spectral holes for cresyl violet in ethanol-d glass at 1.30 K. 

Spot size” Burn time 
(pm) (ps) 

150 10 
450 100 

*Diameter of the intensity. 
‘Maximum depth achieved. 

Fhtence 
@J/cm*) 

50 
100 

Transient” Reading-beam 
hole depth intensity 

(%I @W/cm’) 

1.5 15 
2.2 1.4 

4 

8 3 

.-r 
2s 

b 2 

6 1.5 

4 1 
DC 0.5 

- 2.88 GHz 
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FIG. 4. Two persistent holes in cresyl violet in ethanol-dat 1.30 K showing 
that the measured hole widths are not dependent on the pulsed burning 
conditions used in this experiment. (a) Hole burned with a 100 s exposure 
of the weak cw reading beam. (b) Hole burned with 100 short, intense 
pulses of the burning beam. Both hole widths agree very well with the low- 
power hole width reported earlier for the same system and temperature. 

hole width is again in very good agreement with the low- 
power, fresh spot hole width reported in Ref. 1 and above. 

Figure 5 (b) is a plot of a hole burned with 100 pulses of 
the 150pm burning beam on the same spot. The hole width is 
again in excellent agreement with the 100 s T, hole width 
reported in Ref. 1 indicating that the hole-erasing process in 
no way influenced the data collected here. Figure 6 demon- 
strates the importance of waiting a finite amount of time 
after erasing before collecting data. The hole in Fig. 6, 
burned with pulsed conditions, also had a T, = 100 s but 
was burned only 20 s after erasing. The hole width is substan- 
tially broadened. The erasing beam was of sufficiently high 
power ( -? W/cm2) to modify, by heating or some other 
process, the internal glass structure slightly. Therefore, a 
sufficient amount of time had to pass before the internal 
structure of the glass relaxed back to the steady-state condi- 
tion at 1.30 K. 

Absorption vs waiting-time data were recorded for each 
of six different shifted burning frequencies. Note that the 
data were not recorded simultaneously, but that each shifted 
frequency was used one at a time. When changing from one 
frequency to another, the reading-beam direction shifted 
slightly. It was important to maintain good beam alignment. 
In a simple hole-burning experiment a single beam is used to 
bum and detect the holes. The alignment is never changed, 
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FIG. 5. Two persistent holes in cresyl violet in ethanol-dat 1.30 K showing 
that the measured hole widths are not dependent on the fact that the holes 
were periodically erased. (a) Hole burned with the weak cw beam on a spot 
where many holes had been previously burned and erased. (b) hole burned 
with 100 pulses of the burning beam on the same spot after the hole in (a) 
had been erased. The hole widths agree with the fresh spot (never burned) 
low-power hole widths reported earlier for the same system and tempera- 
ture. 

and the overlap between the burning and detection beams 
never varies. This is not true in a two-beam experiment such 
as this one. If the beam overlap from one frequency to an- 
other (or one day to another) is assumed to be constant but, 
in fact, varies, the data would be compromised. Changes in 
beam profile would cause similar problems. In these experi- 
ments both beam alignment and profile were kept as con- 
stant as possible. Small variations in overlap were present 
but were compensated for by periodically measuring the de- 
gree of overlap as is described below. 

To assure that good overlap between reading and bum- 
ing beams was maintained, 200 pm (400 ,um for the larger 
spot size) pinholes on removable mounts were placed before 
and after thecryostat. By checking the transmission through 
the pinholes, the beams could be easily aligned. In addition, 
small changes in alignment were monitored in a straightfor- 
ward way. Periodically during the acquisition of transient 
transmission data, a persistent hole was purposefully burned 
with a long exposure of the burning beam and was scanned 
with the reading beam. This was always done using a repro- 
ducible intensity and bum duration. The area of this persis- 
tent hole is directly proportional to the degree of overlap 
between the two beams at the sample. Thus, small drifts or 
misalignments could be effectively normalized out. As a 
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FIG. 6. A persistent hole in cresyl violet in ethanol-d at 1.30 K which was 
burned only 20 s after the previous hole was erased. The hole width is sub- 
stantially broadened because the glass was not allowed to relax sufficiently 
after the erasing process. All other data reported here were recorded at least 
24.0 s after any erasing. This interval was determined experimentally to be 
long enough to allow the system to totally relax following erasing to yield 
hole widths that are unperturbed by the erasing. 

check of this procedure, after a transient transmission data 
set was collected, a second set was acquired with deliberately 
misaligned beams. By weighting the data sets linearly to the 
area of the “normalization” holes, the difference between the 
data sets was removed. 

Once a complete set of transmission vs waiting-time 
data was acquired, it was converted to a set of 300 holes by 
taking time slices through the data. These holes were then fit 
by a least-squares method to generate the hole-width vs time 
data reported in the next section. Several data sets were col- 
lected to ensure reproducibility. Once reproducibility was 
confirmed, the data sets were averaged together. 

HI. RESULTS AND DISCUSSION 
Figure 7 shows change in optical density vs time curves 

for three of the six different read-beam shift frequencies-80 
MHz, 680 MHz, and 1.28 GHz. The extra factor of 80 MHz 
is introduced by the two 40 MHz AOM’s which modulate 
the burning beam. The solid lines through the data are best 
fits to a triple-exponential decay combined with a hole- 
broadening function. These fits were not used to calculate 
the hole-width vs time data presented below. The raw data 
were used instead. 

Figure 8 is a plot of the hole area vs time calculated from 
the AOD curves. The solid line is a fit to a triple exponential 
decay. The time scale studied in this measurement is in the 
range of the triplet lifetime of typical laser dyes. At low tem- 
perature, where spin-lattice relaxation is slow, three unequal 
triplet lifetimes are often observed.53 The fact that the data 
may be fit to a triple exponential is consistent with, but does 
not prove, the notion that the transient holes observed here 
are caused by a triplet bottleneck with three different life- 
times. The best fit lifetimes are 60 ms, 1.5 ms, and 80,~s with 
magnitudes roughly in the ratio 5:2:4. 
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FIG. 7. Transient AOD plots for three different shifted reading-beam fre- 
quencies for the system cresyl violet in glassy ethanol-d at 1.30 K. Shift 
frequencies relative to burning beam: top, + 80 MHz; middle, + 680 
MHz; and bottom, + 1.28 GHz. The data are fit to a triple-exponential 
decay plus a hole broadening function to obtain information on the hole 
decay kinetics. The raw data was used to determine the hole widths as a 
function of time after burning. 

It is possible that the transient hole is in some way relat- 
ed to the mechanism of persistent hole burning. The process 
of persistent hole burning is sometimes modeled as a hierar- 
chical series of reactions.54 The transient bleaching observed 
here could possibly be associated with photoinduced occu- 
pation of a preliminary state in the hole-burning pathway. It 
has been shown that for an ionic dye in ethanol the hole- 
burning mechanism involves double-proton transfers.55 
However, preliminary results indicate that the efficiency of 
transient bleaching, unlike that of persistent hole burning, is 
identical for both protonated and deuterated forms of eth- 
anol glass. Unless the hypothesized preliminary step does 
not involve proton-deuteron exchange, it is more probable 
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FIG. 8. Plot of the hole area vs log time for cresyl violet in ethanol-d at 1.30 FIG. 9. Two holes burned in the system cresyl violet in ethanol-d glass at 
K. The solid line is a fit to a triple-exponential decay (see text for values of 1.30 K and recorded with different waiting times. The data were taken with 
the fit parameters). The fact that the data may be fit this way is consistent positive frequency offsets and reflected through the line center to give the 
with the notion that the transient hole is due to a triplet bottleneck with negative offset points. The solid lines are the best-fit Lorentzians to the data. 
three distinct triplet-spin sublevel lifetimes. The hole width can be seen to broaden with increased waiting time. 

that the transient hole is indeed due to a triplet bottleneck. 
Figure 9 shows two transient holes obtained at waiting 

times of 10 and 100 ps for cresyl violet in ethanol-d. The 
solid lines are the best Lorentzian fits to the data. Figure 10 is 
a full plot of the hole-width vs log waiting time. As can be 
seen in the figure, the hole width shows a linear dependence 
on log time for waiting times between 10~s and 100 ms. The 
hole broadens by z 1 GHz (almost a factor of 2) over this 
time span. 

This logarithmic dependence on waiting time can be 
analyzed in terms of the theory of TLS-induced optical de- 
phasing.lV3* For T, > 10~ (the time between burning and 
reading the hole is much greater than a time on the order of 
the homogeneous dephasing time), the hole linewidth is giv- 
en by 

Aw, oc 
s 

dRP(R)[l -exp( -RT,)], (1) 

where R is the relaxation rate, T, is the waiting time, and 
P(R) is the fluctuation rate distribution.37,38 The constant 
of proportionality is a combination of temperature-indepen- 
dent constants such as the strength of the TLS-chromo- 
phore interaction. The dependence of Aw, on T, is found by 
differentiating Eq. ( 1) with respect to T, . Performing this, 
one finds 

(b) 
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FIG. 10. Plot ofhole width vs log time in seconds for cresyl violet in ethanol- 
dat 1.30 K. The fact that the data broaden linearly when plotted vs log time 
indicates that the fluctuation rate distribution is l/R in this region. The 
solid line is the best fit according to Eq. (1) using P(R) = l/R. Over the 
time interval 10~s to 100 ms, the hole broadens by almost a factor of 2. The 
broadening (spectral diffusion) is caused by the glass TLS dynamics occur- 
ring on the experimental time scale. 

a( Aw, ) 
a 

JTttJ s 
dR P(R)R exp( - RT,). 

Thus the change in the linewidth with T, is proportional to 
the LaPlace transform of R times the fluctuation rate distri- 
bution. If P( R) is proportional to l/R, it is straightforward 
to show that 

or equivalently, 

(3) 

(4) 

Thus, the fact that the hole linewidth broadens linearly with 3.4 
log time in Fig. 10 demonstrates that the fluctuation rate 3.2 
distribution, P( R ), is of the form l/R in this region. 3 

Rationalization of a l/R distribution of fluctuation 
rates can be found in previous experimental as well as theo- 
retical studies.30*-8 The original TLS model’5*16 hypoth- 
esized that there was a flat distribution of TLS tunneling 
parameters in glasses. The TLS relaxation rate is related to 
the tunneling parameters by 

Rae-=, (5) 
where /2 is the tunneling parameter between the two wells of 
the TLSs6 If P(2) = const, 

‘Ej’ 
5 

2.8 
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Thus a flat distribution of/2 leads directly to a l/R distribu- 
tion of P( R ) . A microscopic physical explanation for a flat 
distribution of tunneling parameters does not currently ex- 
ist. This is a problem of fundamental importance since this 
form of P(R), with some modifications, has been used to 
describe many aspects of low-temperature glass dynam- 

ics.‘5*‘6V44-47 Inherent in a TLS model with a flat R distribu- 
tion is the existence of an upper and lower cutoff in the rate 
distribution, allowing for proper normalization of P(R). 
With this in mind we will refer to P( R ) a l/R as a probabili- 
ty distribution. It was previously determined using two- 
pulse photon echoes that the fluctuation rate is l/R for large 
rates in many organic glasses including ethano1.30’33*48157V58 
Previous hole-burning experiments in ethanol glass on long- 
er time scales revealed a log normal distribution of rates. It is 
interesting to note that the log normal distriiution, represen- 
tative of a random event composed of a large series of inde- 
pendent subevents, asymptotically (large R limit) ap- 
proaches 1/R.59 In fact, the larger the dispersion in the log 
normal distribution, the larger the range over which a l/R 
functionality is mimicked. 

Combining the data of Ref. 1 for cresyl violet in ethanol 
at 1.30 K with the data taken here, it is possible to fit the 
entire T, dependence from 10 ,US to 10 000 s to a P(R) ac- 
cording to Eq. ( 1). This is plotted in Fig. 11. Over this time 
range the hole broadens by approximately a factor of 3. The 
solid line is a fit to the data according to Eq. ( 1) using a 
P( R ) which goes as l/R for large rates and is log normal for 
slower rates. Explicitly, the data are fit to 
Au, = Aa, UL,, ) 

s 

R mai 

+ dRP(R)[l-exp( -RT,)], 
R IIll” 

where P( R ) is given by 

(7) 

P(R) = A@, Aa2 
-H(R-R,)+- 

R lT’/=RCT 

x exp - (In R, - In R)’ 1 a2 * 
His a step function such that H(x > 0) = 1,O otherwise. The 

log(time (set) ) 

FIG. 11. Plot of hole width vs log time in seconds for cresyl violet in ethanol- 
d at 1.30 K. The data is plotted along with hole width results obtained ear- 
lier (H) for the same sample and temperature. Note that the new data fit 
smoothly into the data taken previously. The solid line is a fit according to 
Eqs. (7) and (8) (see text). Between 10~s and 10 OCO s the hole broadening 
(spectral diffusion) is almost a factor of 3. 
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integral in Eq. (7) is cut off at some R,, such that 
R,,, ) l/T,,, for all T, studied in this experiment. This is 
done since ( 1) the behavior of Aw, is not analytical for 
small T,, and (2) the form of Aw, is dependent only upon 
the area under the P(R) curve for R ) l/T,. The results are 
independent of R,, for a choice of R,, that is sufficiently 
large. For the calculations reported here R,,, was set to 
ei4 s- ‘. The parameters which give the best fit are 
Aw,=86Of20 MHz, Aw, = 115&2 MHz, 
Aw, = 970 f 50 MHz, ln(R, X 1 s) = - 4.1 + 0.7, 
ln(R, X 1 s) = 1.3 f 1.7, and U= 3.3 & 0.9. The form of 
P(R) which best fits the data is plotted in Fig. 12. Thus 
P( R ) has been determined for rates spanning nine decades. 

The data reported in Figs. 11 and 12 almost suggest that 
the fluctuation rate distribution is l/R for all rates studied 
and not merely the faster rates. This is a valid point and is 
worth mentioning. If the only data considered were that of 
Fig. 11, a wholly l/R distribution would be a reasonable 
guess, and any deviations from that could be discounted as 
scatter. But, as the data collected on cresyl violet in ethanol 
and on resorufin in ethanol at 2.13 K show,’ the S shape of 
the data in the long T, region is not scatter-it is a real 
effect. Therefore, a distribution that is l/R for all rates 
should be discounted in favor of the distribution reported in 
Eq. (8) and Fig. 12. 

Since the fluctuation rate distribution P( R ) goes as l/R 
for 10 s - r < R < 10’ s - ’ and has also been determined to be 
l/R for rates in the region of the two-pulse photon echo, 
- 10” s- 1,48 it is reasonable to ask if P( R ) mimicks l/R for 
all intermediate rates. If the fluctuation rate distribution de- 
termined for R < lo5 s - ’ is extrapolated to the rate scale of 
the two-pulse echo, it should be possible to predict the value 
of the two-pulse echo and compare it to the experimental 
value. Note that the straight line in Figs. 10 and 11 cannot 
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FIG. 12. PlotofP(R)*Rvslog R used to fit thedatainFig. ll.P(R) is l/R 
at large rates and cuts off to a log normal times l/R distribution at slow 
rates. gee text for values of the parameters. The small rise at the slow end of 
the l/R distribution is from the tail of the log normal distribution. Extrapo- 
lating the l/R distribution to the time scale of the two-pulse echo gives good 
agreement with photon echo linewidth (see text). The part of the distribu- 
tion obtained by extrapolation is shown as a dashed line. 
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simply be extrapolated back to the time scale of the echo for 
two reasons. First, the time scale of the two pulse echo is not 
a perfectly well-defined quantity.30P37*38 Second, as was men- 
tioned previously, the form of Aw, for a l/R distribution 
and small T, is not necessarily linear. To correctly calculate 
the echo linewidth, the four-point correlation function for a 
l/R distribution must be used. 

It has been shown30B37 that for a l/R distribution the 
four-point correlation functions that describe the tunneling 
TLS-induced hole-burning and photon echo linewidths are 
c(~,T,,d =exp( -KWexp[ -~~ln(T,,,/TpE)] (9) 
for T, % TPE , where TPE is the two-pulse echo pure dephas- 
ing time, and 

C(r,T,,7) = exp( -fir) (10) 
for T, = 0, i.e., the two-pulse echo. 8 is a constant equal to 
approximately 3.6.37 The linewidths, or equivalently the de- 
cay of the polarizations, may be calculated from the correla- 
tion functions according to the simple relation3’ 

Pccexp( - 27-/T:) cc C(T,T,,T), (11) 
where Tf is a pure dephasing time that depends on the time 
scale of the experiment. With use of Eqs. (9)-( ll), it is 
possible to calculate the ratio of the linewidths for the echo 
and hole-burning experiments.30*37 The result is 

lYHB/rPE = 1 + l/0 ln(Tw/TPE ). (12) 
Note that this result is equivalent to Eq. (4) in that it pre- 
dicts a logarithmic time dependence of the hole width, but 
Eq. ( 12) is more general. 

Comparing Eqs. (9) and ( 1 1 ), the value of THB, the 
pure dephasing time in a hole-burning experiment with wait- 
ing time T,, for P(R) 0: l/R is found to be 

THE = 2 
B [e + ln(T,JT,,)] ’ 

(13) 

Converting to a hole width according to the relation 
ho, = 2/(aT,, ) and differentiating with respect to 
In ( T,,, ) gives 

(14) 

Similarly, the dependence of the hole width for a distribution 
which is l/R may be calculated from Eq. ( 1). Setting the 
constant of proportionality to A, i.e., 

Aw, = A 
I 

dR l/R [ 1 - exp( - RT,)], 

one obtains the result 

(15) 

(16) 

Comparing Eqs. ( 14) and ( 16), one obtains 

A =P/n, (17) 

with use of Eqs. ( 10) and ( 1 l), the photon echo linewidth is 
found to be 

lYPE =LJE. 
rTpE 2n 

(18) 
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Combining Eqs. ( 17) and ( 18), one obtains the final result 
which relates the description of the hole linewidth given in 
Eq. ( 15) to the two-pulse echo linewidth, 

rPE = A0/2. (19) 
Thus by fitting the data to the P(R) given in Eq. (8), it 

is possible to predict the linewidth of the two-pulse echo. 
ho, in Eq. (8) corresponds to A in Eq. ( 19). Therefore, the 
value of the echo linewidth predicted by the l/R distribution 
observed from 10 ,US to 100 ms is 115 X 3.6/2 = 207 MHZ. 
Adding in the lifetime contribution previously determined 
to be 28 MHz,~~ one obtains a linewidth of 235 MHz. The 
experimentally observed two-pulse echo linewidth for cresyl 
violet in deuterated ethanol at 1.30 K is 190 MHz.~~ The 
agreement is extremely good considering that there is scatter 
in both the hole-burning data and the echo data,48 and the 
fact that the hole-burning data are being extrapolated over 
five decades in predicting the echo linewidth. Thus using 
millisecond time-scale hole-burning linewidths, it is possible 
to calculate subnanosecond time-scale photon echo decays. 

The calculation of the photon echo results is dependent 
on the assumption that the l/R distribution continues un- 
changed past R = 100 kHz to the region of the two-pulse 
echo. The close agreement between the calculated and ex- 
perimental photon echo linewidths strongly supports the as- 
sumption that the fluctuation rate distribution is l/R in the 
range of rates 10” > R > 10’. It is possible that the distribu- 
tion is weighted toward smaller values of R as the lower than 
predicted echo linewidth suggests. This can be directly test- 
ed by performing T,-dependent linewidth measurements 
for T,s in the range 10-9-10-5 s. In further support of a 
l/R rate distribution, linewidths obtained from two-pulse 
echo and stimulated echo measurements (weighting time of 
25 ms) in zincporphin in ethanol and ethanol-d glasses re- 
sulted in a linewidth ratio of 5.7 * 0.1.35 This experimental 
result is in good agreement with that predicted by Eq. ( 12). 
Furthermore, these results (presented here and in Ref. 35) 
suggest the measured rate distribution to be independent of 
the chromophore. 

IV. CONCLUDING REMARKS 
These experimental results provide insight into the dy- 

namics in low-temperature glasses. Many previous experi- 
ments on glasses have focused on a single quantity, i.e., a 
linewidth or a heat capacity, measured at a single waiting 
time. Such experiments reduce the entire range of dynamics 
to a single point. However, the key to understanding the 
dynamics of glasses and other complex systems lies in under- 
standing the entire dynamical spectrum. The results report- 
ed in this paper have, for the first time, determined the fluc- 
tuation rate distribution over a very broad range of times, 
from picoseconds to thousands of seconds. 

The fluctuation rate distribution is the dynamical spec- 
trum of the material. Its form provides the distribution of 
tunneling parameters. Its temperature dependence can re- 
veal the distribution of energy levels in the material. The 
results presented here yield the fluctuation rate distribution 
for ethanol glass at 1.3 K. The challenge now is to use the 

type of T,-dependent spectroscopy employed here to deter- 
mine the dynamical spectrum of other glasses and other 
complex materials such as proteins. The broad l/R distribu- 
tion measured for ethanol is reminiscent of the broad “l/f 
noise” spectra observed in electronic circuits. In general, in- 
verse power law behavior like l/R (or l/R ’ + a, 0 <a < 2) 
must arise as limiting behavior of properly normalizable 
probability distributions (e.g., stable Levy distributions59) 
or be bounded between abrupt cutoffs. Photon echo experi- 
ments on a number of different glasses suggest that the l/R 
distribution is common, at least for the fast rates probed by 
photon echoes. If detailed T,-dependent spectroscopic stud- 
ies confirm the universal existence of broad l/R distribu- 
tions for glasses and other disordered materials, a basic ques- 
tion will arise. What is the underlying universal property of 
disordered systems that gives them the same dynamical 
characteristics? 
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