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Ethanol Glass Dynamics: Logarithmic Line Broadening and Optically Induced Dephasing

Kees Lazonder, Koos Duppen, and Douwe A. Wiersma*

Ultrafast Laser and Spectroscopy Laboratory, Optical Sciences, Department of Chemistry,
Materials Science Centre, Urersity of Groningen, Nijenborgh 4, 9747 AG, Groningen, The Netherlands

Receied: February 11, 2000; In Final Form: April 24, 2000

The time and fluence dependence of the homogeneous line width of Zn-porphin in deuterated ethanol glass
at 1.8 K is remeasured by stimulated photon echo. The observed spectral dynamics is interpreted in terms of
the standard two-level system model and by using a commonly used modified version of it. It is shown, as
was suggested recentliPlfys. Re. B 1997, 56, 11571), that time-dependent local heating is the cause of the
plateau found in earlier echo experiments on this system. The anomalous intensity loss of the photon echo in
the population dimension, however, is confirmed, as well as the existence of excess optical dephasing on a
short time scale. The former effect is attributed to spontaneous frequency jumps outside the laser bandwidth,
the latter to spectral diffusion induced by the change of electronic state of the chromophore. This phenomenon
is not captured in existing theoretical models, which assume the probe molecule to be just a spectator of glass
dynamics.

I. Introduction scales and thus probe the distribution of rates of tunneling
processes. Most notably hole burning, photon echo, and single-
molecule spectroscopy have been employed to probe glass
dynamics on a range of time scales spanning up to 18 orders of
magnitude. This allows for the investigation of the particular
nature of the TLS’s. These so-called optical line-narrowing
experiments provide a pivotal test for the adequacy of the TLS
model in describing glass dynamics. However, the interpretation

Glasses are nonequilibrated amorphous solids. By rapid
cooling of a glass-forming liquid below the freezing point, its
viscosity increases dramatically. When the viscosity has in-
creased to over 1P, by definition, it has reached the glass
transition temperatur@,. Below that temperature the mobility
of the molecules becomes so small that the system is kinetically

trapped in a disordered state that has the elastic properties of 3¢ chromophore dynamics in amorphous solids is frustrated by

solid. ) . qualitative and quantitative discrepancies between the results
The low-temperature thermodynamic properties of glasses andered by different techniques.

differ significantly from those of crystalline materials. The
temperature dependence of the specific heat, the thermal
conductivity and also the sound velocity are the classic examples
of such “anomalous” behavidr’Z Nevertheless there is great

Thus, although separate results are in qualitative agreement
with the TLS model, the quantitative discrepancies between
results rendered by different techniques indicated the need for
e ! ) further refinement of the TLS model. Notwithstanding these
regularity in these properties for many different glasses, and ) 5plems; the concept of low-energy excitations being account-
therefore it was thought that this universal behavior must arise gpa for the properties of amorphous solids is well accepted.

from their intrinsic disorder. More than 25 years ago the standard x; the same time it is clear that the interpretation of experimental
two-level s4ystem (TLS) model was proposed to explain the \oqits has to be done with great caution. Indeed the optical
anomalies: It is based on the assumption that collective ynamical properties can be influenced by various inconspicuous
structural rearrangement, by means of tunneling of a local 7 ameters in the experiments. Examples are the cooling history

conformational state into another, is the main relaxation o yhe sample, the particular subset of chromophores selected
mechanism in glasses. These conformational states are reprey, 4, experiment? and also, as was recently pointed Bt

sented by two nearly degenerate potential wells, the two-level |56, fluence. In this paper we revisit the effect of laser fluence

systems. _ _ ~ on the observed optical dynamics and confirm earlier conclu-
The TLS model has been quite successful in the description sions regarding its importance in optical dephasing experiments.

of the anomalous low-temperature properties of glasses. It alsoyye further show that optically induced spectral diffusion, an

predicts that these properties are time dependent, which hassffect unrelated to laser fluence, is of significant importance to

indeed been shown to be the ca8eThis effect has been  the interpretation of all optical line-narrowing techniques. This

attributed to the existence of a broad distribution of rates in the finding points at the inadequacy of the currently used weak-

glass at which the tunneling processes occur. The optical coupling chromophoreTLS model for a complete description

properties of a chromophore dissolved in a glass are dependenty glass dynamics.

on dynamical processes in the direct vicinity of the chro-

mophore. Therefore, these optical properties will also be time || Theory

dependent. A number of optical techniques have been employed

to explore the dynamics of the chromophores on different time ~ The properties of a cold molecular glass are governed by its

multidimensional potential hypersurfateThe relevant features

* To whom correspondence should be addressed. F81.50.3634324.  Of this energy landscape at low temperatures are nearly
Fax: +31.50.3634441. E-mail: d.a.wiersma@chem.rug.nl. degenerate double-well potentials. The glass can suitably be
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described as a random array of these two-level systems (thethe time between selecting the set of chromophores and the
TLS’s).34The TLS’s represent a number of atoms or molecules determination of the optical line width of the set. Whignis

within the glassy structure that can reside in either of two increased, TLS’s with slower relaxation rates can also contribute
configurational states. Transitions between the two states of ato the line broadening. Consequently this waiting time depend-

TLS can occur by phonon-assisted tunneling. ence can be used to probe the very broad distribution of TLS
A double-well potential is characterized by an energy splitting relaxation rates.
€ and a tunneling matrix element. These two parameters are In a stimulated photon echo (3PE) experiment, both the

taken to be uncorrelated and distributed with featureless effective optical dephasing time as well as the population
probability functions. In the original standard model these relaxation time can be measured, using a three-pulse grating

probability functions have the following form: scattering-type configuration. The first pulse coherently excites
the optical transition of the chromophores. After a time interval

P(e) ~ constant €| < €,ax (1) 7, the second pulse interacts with the freely propagated system,
which gives rise to a population distribution between ground

P(A) ~ 1 Ay <A<A, @) and excite_d state that depends on the positipn of Fhe chro-

A mophores in the inhomogeneously broadened line. This popula-

tion grating in frequency-space implies a frequency-modulated
The probability distribution function of eq 1 is chosen as transmission spectrum of the sample. The spacing of the grating
simple as possible since there is no a priori theoretical reasonin the ground and excited state of the chromophores is inversely
to assume any particular form. The potential energy hypersurfaceproportional to the pulse separationAfter a waiting timety,
of the glass is frozen in at the glass temperailyeThus the  a third pulse is scattered from these gratings resulting in an
extreme values of the energy differencesbetween two  echo at a time after the last pulse. Spectral diffusion washes
configurational states are on the order of plus and mkilgs  out the gratings during the waiting tintg and the two time
The glass temperatufésof all molecular glasses studied here  intervalsr mentioned above and consequently decreases the echo
and elsewhere are at least 100 K. The experiments are done agmplitude. It can easily be sho##éthat the photon echo decay
temperatures around 1 K, and therefore in this temperaturewith respect tor is equivalent to the Fourier transform of the
region the distributior(¢) is considered very broad, sinegax hole shape in a hole-burning (HB) experiment with a pump
> KT, and is set constant. The second distribution function, probe delayt,. Therefore, to assess the amount of spectral
following the same line of reasoning, is based on the Wentzel diffusion, the intensity of this echo is measured as a function
Kramers-Brillouin description of the tunneling matrix ele-  of ¢ for varioust,’s.
ment!3 Again the upper cutoff in this model is assumed to be  The waiting time can typically be varied from picoseconds
Amax>> KT. The minimum value of the tunneling matrix element  to hundreds of milliseconds when the excited-state population
is chosen such thatmin < (2 ckTt,™)~2, wheret,™is the is stored in a long-lived triplet state of the chromophore during
longest experimental time scale possible. fluorescencé’ Then, as long as the triplet state lives, the third
This standard tunneling model successfully predicts a number pulse can still be scattered from the population grating in the
of thermodynamical and acoustic properties of glasses at low ground state. The two-pulse photon echo (2PE) is the same
temperature$#-2! Not surprisingly, it has also been used for experiment in the limitt, = 0. This is the experiment that
interpretation of optical experiments on glas$e$? When a  determines the optical line width on the shortest possible time
chromophore is dissolved in a glass matrix, its resonance scale. Assuming the 2PE to decay exponentially, a premise to
frequency is dependent on its local environment. This leads to be discussed below, the homogeneous line widtir£FE is
optical spectra at low temperatures that are strongly inhomo- related to the echo intensity as follows3:36.38
geneously broadened. This is clearly due to the disordered nature
of the glass that allows for much more variety of local structures I(7) ~ g 4T (3)
near chromophores than is the case in a crystal. As will be shown

below, the distributions ok and A lead to a very broad  Thjs homogeneous line width consists of a lifetime contribution

distribution of flipping rates of TLS's. In fact, TLS's change  1/2;T; and a part due to “pure dephasingzT4*:

from one of the two states to the other on time scales varying

from picoseconds to hundreds of years. This distribution of 1 1 1

relaxation rates represents the dynamical processes in the glass. T 2PE 2_1-1 + T_z* (4)

Its shape is modeled by the choice of the distribution of TLS 2

parameters in eqs 1 and 2. Thus by probing the distribution of , . .

TLS flipping rates, the validity of these choices can be verified. ONIY TLS’S that fluctuate on the time scale af @ faster induce
When a flipping TLS couples to a chromophore, the optical SD that WI|.| contrlbgte to t'he 2PE decay. ThFl’,IES, the typical time

resonance frequency of the chromophore becomes a time-Scale Of this experiment is on the orderf™ o

dependent property. Since the chromophores couple to a number In ?PS_PE experiment theff_ectve ho_rr_loge_neous line W.'dth

of different TLS’s, their resonance frequencies perform a random UrTy™is me.asured at af?e}rtlcular waiting tlm;aTheeffgctve

walk through frequency space. This effect is called spectral PUré dephasing rate T is rendered after subtracting the

diffusion (SD). If one would somehow select a set of chro- lifetime contribution from the effective homogeneous line width:

mophores that all have the same resonance frequency, SD would 1 1 1 1 1

cause the optical line width of this set, i.e., the sum of the line ) = —Z5dtn) — o7 = 75 T =55t (5)

widths of the individual chromophores, to broaden in time. This T, T, 2, T,

is what is actually measured in line-narrowing experiments such

as hole burning or in a time-domain experiment such as photon Note that only fluctuations occurring on time scales slower

echo. This optical line width, being dependent on the time scale than T,2PE but faster thart, contribute to the term TjSP.

tw of the particular experimerf;31.3435is called theeffective Nevertheless, the nature of these processes is identical to the

homogeneous line width. The time scale of the experiment is nature of those that contribute to the pure dephasing tefgh. 1/
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22 ] Nonetheless, even if these effects are carefully excluded from

E the experiment, a faster than logarithmic line broadening is still
_ 207 being observed =5 in PMMA on time scales exceeding 46.
E 1.8 There is an ongoing discussion in the literature whether this is
QO 16 best explained by assuming sets of interacting TLS’s or by the
5 14 assumption that the energy landscape of the PMMA glass shows
= . a hierarchical organization not unlike the potential energy
= 127 surface of proteing! The idea of strongly coupled TLS's implies
WO —T—T 7171771 an extra term in the distribution functidd(A) = Py [L/A +
% 7 6 5 4 3 2 - A/A?]. This “ad hoc Ansatz” predicts a line width comprised of
log ('t [s]) a logtw) and av/t term. The assumption of a hierarchical energy

Figure 1. Effective homogeneous dephasing rate of ZnP in EtO*f/ Ia_ndscape for polymers would lead to the (_:onCIUS|0n that their
as a function of the experimental waiting time at 1.8 K, reproduced disordered state would be fundamentally different from molec-

from Meijers and Wiersm# The dashed line is a fit through the data  ular glasses. In fact this would imply the existence of evenly

using eq 12 withy = 0.15. It is shown to demonstrate that continuous distributed TLS'’s with low barriers in basins separated by high

tunneling parameter distributions cannot account for discrete dephasingbarriers. Tunneling through these high barriers would imply

regimes. The solid line is a fit through the data using eq 17 with conformational dynamics of polymer side chains.

0. The fit parameters aT = 1.3 K, ¢ =4 x 1¢°, andK, = 53 MHz. A final example of results not in compliance with the standard
TLS model are the reported nonexponential photon echo decays.

Originally ift r\]/vas thought thalt thel di_stlribution of _TILS o However, the deviations of nonexponentiality are small and on
parameters of the standard model would yield exponential eChoy, o orger of the experimental resoluti#rMost notably in 2PE

decays, equivalent to Lorentzian hole shapes in a h°|e'bumingexperiments for proteins Thorn Leeson ef%found decays

experiment. It was also predictéd’202%*hat the effective e’:)hat could be best fitted with a stretched exponential. The stretch
. e ; arameter varied with temperature. Even though proteins exhibit
and the logarithm of the waiting time: T(t) ~ T In(tw). different behavior with resp?ect to SD than glassg,]esl,othe 2PE decay
However, not all experiments comply with this prediction. s pelieved to be governed by TLS dynamics. In this paper, the
Experimentally a temperature dependene® %t was ob-  nonexponential character of the 2PE and 3PE decays of
served that seemed to be universal for organic gla8$€$?  chromophores in deuterated ethanol is inspected as well.
Furthermore, some experiments showed nonlogarithmic line  geyeral modifications of the standard tunneling model were
broadening due to spectral diffusion. For example, in a 3PE on0sed to be able to describe spectral diffusion in glasses after
experiment on porphin in deuterated ethanol glass, Meijers etcarefully correcting for possible heating artifacts, side chain
al 3443 observed broadening of the effective homogeneous gynamics, etc., in a universal way. This usually involves
line width for waiting times faster than a microsecond and modifying the forms of the TLS parameter distributions of eqs

slower than a millisecond, but not between (see also Figure 1).1 and 2. To account for the observations discussed above, Silbey
This was explained in an ad hoc manner by postulating a gap et 5/3233 proposed the following distributions:

in the distribution of flipping rates. However, this is in direct

contradiction with the broad distribution of TLS relaxation rates P(e) ~ |e|* (6)
that follows from the distributions of tunnel parameters in eqgs

1 and 2. More recently it has been suggested that the so-called P(A) ~ 1 7
“plateau” can be attributed to heating, caused by energy released (A) ALY (7)

into the sample as a result of radiationless déd&yl'his notion

will be discussed in detail in section IV. The dimensionless parametgrsand v are fitting parameters
Another example of nonlogarithmic line broadening was for the experimental observations mentioned above. The phe-
found using a combination of so-called population hole burning nomenological parameter was used to account for the
and photophysical persistent hole burning. On time scales of superlinear temperature depende#fc®.To explain a temper-
milliseconds to seconds, a sharp increase in the line broadeningature dependence of T3, it was calculated that ~ 0.3. The
was found for porphyrin molecules dissolved in PMMXS parameter was used to account for any nonlogarithmic waiting
This effect is found next to the normal logarithmic broadening time dependence of the optical line width and nonexponential
encountered on all other time scales. Although the exact natureecho decays. Moreover, numerical simulations, which were
of this additional line width increase is still obscure, it must be performed on a NiP model gla8%;5° showed a distribution of
connected to the excited-state dynamics of the porphyrin tunneling parameters that could be best described by eq 7. It
chromophore. A more detailed discussion of these findings andwas estimated that for most glassets on the order of 0.8
their relation to the current experiments will be given at the 0.2.
end of section IV. It should be noted, however, that there is no particular reason
For hole-burning experiments at millikelvin temperatures on to expect that the distribution of the thermally accessible local
time scales longer than 3 h, a faster than logarithmic waiting- minima in the potential energy landscape has any features that
time dependence was found in the same type of PMMA samples.can be characterized by a single parameter. Since the standard
These deviations from logf) behavior can be accounted for TLS model emerges as a special case of the model by Silbey et
within the TLS model if nonequilibrium effects are consideted.  al., we will use the latter throughout the remainder of this paper.
If the time between cooling the sample to the experimental The TLS’s are flipped from one state to another by the phonon
temperature and the start of the experiment is on the same ordebath. This is called phonon-assisted tunneling. The usual
or shorter than the waiting time, the TLS states that are probedapproach is to consider only one-phonon proce¥sEse spread
are still far from equilibrium. This will lead to extra spectral in the parameters and A lead to a very broad distribu-
diffusion at these temperatures resulting in strongly non- tion!6.17.2931of TLS relaxation rateB(R, E). The relaxation rate,
logarithmic line broadening as the waiting time is changed. the sum of the rate constants for upward and downward
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tunneling, follows from Fermi’s golden rule

R=cA%E cotr( ®)

£)
2KT]
with E = (e2 + A?)12 being the energy splitting between the
TLS eigenstates andthe TLS—phonon coupling constant. By

summing over all the relevant values ofand A as given in
eqgs 6 and 7, the distribution of relaxation rates is found #&%e

E utv

Rl—V/Z(l _ R/Rmm)lIZ(l—‘u)

P(R, E) ~ 9)

whereRmax = CE® coth®/2kT) is the fastest tunneling rate for
a TLS with a energy level differende. Note that in the case
that R < Rnyax and u = v = 0, this yields a hyperbolic
distribution of flipping rates:

PR O1R (10)

Using the distributionP(R, E), the consequences of spectral
diffusion for the echo signal can be calculated. For a chro-
mophore doped into a glass, this signal is proportional to the
square of the nonlinear response function

I3 0 (C(2, £, 7) Alt,))?

The term A(tw) describes the loss of echo signal due to
population relaxation during,. It is determined by the
fluorescence and triplet-state lifetim&sC(z, t,, 7) describes
phase relaxation due to spectral diffusion. As mentioned earlier,

(11)

a chromophore dissolved in a glass can couple to one or more |.(t,) = Iy

TLS’s. When this is the case, a flip of a TLS will, following
the so-called “sudden-jump” mod®17.20.5%cause an immediate
shift in the chromophore’s resonance frequency. When dipolar

coupling is assumed between the chromophore and the TLS's,

an expression fo€(z, tw, ) can be determined by averaging
over the stochastic history and the orientations of the double
wells, the chromophoreTLS distances, and the releva?(R,
E). A review about the manner in which this averaging is
accomplished and a critical evaluation of the approximations
involved were recently publishéed.

Using the nonlinear response function, the time and temper-
ature dependence of the effective homogeneous line width in
the model by Silbey et al. is then evaluated:

1
Jtheﬁ

()= KT (0, + 21— (LR ) (12

Here isRe is an effective maximum relaxation rate averaged
over the energy splittingg, O, is a constant that can be
evaluated numericallyd,—, = 3.66), and
K, = K ["dx x’ secti(x) (13)
The constanK represents the TL-Schromophore interaction
strength anc = E/KT. In this approach the 2PE and 3PE decays
are expected to be exponential fo= 0 and nearly exponential
otherwise. In addition, the photon echo decay time varies linearly

with log(tw) for v = 0 and slower than logarithn¥i¢for larger
values ofv.

J. Phys. Chem. B, Vol. 104, No. 27, 2008471

strated that, in a more exact approach, the temperature depend-
ence of the effective homogeneous line width on the time scales
of the experiments presented here is not proportion@fte ).
Instead it is expected to be superlinear with an exponent
significantly larger than # u + v. In fact, the experimentally
observed temperature dependefiéé! can be theoretically
explained within the standard TLS model even whew v =

0. Since the superlinear temperature dependence was the most
important reason to introduce tpheparameter in the first place,

this raises the question whether the modifications of the
distribution function are really necessary.

The mathematically more exact results do, within the standard
model, predict a linear dependence on tgg(and nearly
exponential decays for both the 2PE and 3PE. It was shown
that the deviation from exponential behavior of the photon echo
decay is small. In this paper we will assume that this deviation
is small enough to allow fitting with an exponential decay and
therefore permit the definition of an effective pure dephasing
rate 1m,e™. This allows for an experimental tesby performing
photon echo experiments on a doped ethanol gtafshe
necessity of introducing the parameter 0 for waiting times
from picoseconds up to seconds.

The intensity dependence of the 3PE as a function of waiting
time is also explored in this paper. In this mode the population
dynamics is being probed. This longitudinal echo decay, for a
fixed separation time between the first two pulsescan,
however, also be derived from the coherence decay measure-
ments. When the triplet-state lifetime exceeds all others by
far,37:385%the echo intensity is predicted to be

e_4T/TZeﬂ(tw)(Ze_tw/T1 + g0|SC(e_tw/T triplet _ e_tw/Tl))Z
(14)

Equation 14 presents the echo intensity relative to the intensity
lo at a short waiting time,°, with t,2>> Ty1. Tyipiet is the triplet-

state lifetime an@,sc is the intersystem-crossing yield. In echo
experiments on a deuterated ethanol glass and other glasses,
Meijers et al843(and also Thorn Leeson et@&>°for proteins)
found a significantly smaller echo intensity from the micro-
second region onward to longer time scales than predicted by
eq 14. This implies the existence of an additional population
relaxation process. To establish the nature of this extra relaxation
channel, several mechanisms leading to an anomalous intensity
loss have been proposed. The particulars of these mechanisms
are discussed below.

[ll. Experimental Section

Zinc porphin (ZnP¥? purchased from Porhyrin Products, was
used without further purification. Deuterated ethanol (EtOD)
was employed as supplied (Janssen p.a.). The use of EtOD
suppresses hole burning, which is detrimental to photon echo
measurements. ZnP was dissolved in EtOD at concentrations
between 5x 1074 and 1x 103 M. The solution was carefully
degassed in a square cuvette (2010 x 1 mm) and sealed
before cooling. The optical density of the samples at the
excitation wavelength was 0.1%.2 at 77 K.

The experimental setup to measure two-pulse echoes (2PE)
and three-pulse stimulated photon echoes (3PE) has been
described in detafi®42 Typically, the pulse durations are about
5 ps and have a spectral bandwidth of 8@nPPure dephasing

However, a recent evaluation of the averaging necessary toexperiments were performed using a three-pulse configuration,

obtain this result showed that eq 12 is not entirely acciifate.
After close inspection of all the approximations involved in the
averaging over the TLS distribution functions, it was demon-

i.e., as a 3PE with the second and the third pulse overlapping
in time. The time intervat between the first and second pulse
was typically varied between 30 ps and 1 ns, and the waiting
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time t,, could be scanned with increments of 12.5 ns up to 56 Neu et al. therefore suggested that the “plateau” observed by
ms. The experimental temperature was 1.8 K unless indicatedMeijers et ak8443 (see section Il) was caused by heating,
otherwise. The excitation wavelength was 567 nm. During the although Meijers and Wiersma used pulses of less than 100 nJ
experiments we observed signatures of photochemical holein their experiments.

burning, but no corrections were found to be necessary for the The increase of the local temperature can be estimated by
measurement of a single echo decay (ca. 20 min). Pulse energiesalculating the energy released in the focal volume. Since in
were varied from 400 to 20 nJ per pulse using absorbing neutral ZnP the energy difference of thg S T; transition iSAE ~
optical density filters. Pulse energies were measured using a3700 cnt! and the intersystem-crossing yielilsc is about
Molectron J3-02 pyrometer for the unattenuated pulses and a95%8 6% ca. 20% of the absorbed pulse enerByuse is
calibrated BPY photodiode for lower laser fluences. The transferred into heat during the decay of the singlet state. The
excitation pulses were focused onto the sample using a lensrest of the absorbed pulse energy is transformed into heat during
with a focal length of 160 mm. the decay of the long-lived triplet state.

Samples were precooled by plunging them into liquid nitrogen ~ To calculate the temperature rise the following parameters
and then allowed to relax for 3 days at 77 K. Hereafter they are taken as input. For the mass dengitgf EtOD glass we
were cooled to low temperatures in a helium bath cryostat. Prior take 0.8x 10° kg/m?. The focal volume is taken to be a cylinder
to performing the experiments, the samples were again allowedof sizeVioca = 7a’L with spot radiusa ~ 50 um and depth of
to relax for at leais2 h at theexperimental temperature. Because focusL =1 mm. For 100 nJ excitation pulses and an absorption
the cooling rate was higher than 6 K/mifig(~ 97 K) and the of 30%, this would mean a typical heat releas&of 2 mJ/g
sample was kept below 90 K at all times, a structural glass hadduring the fluorescence lifetime of the ZnP chromophore
formed. Both ethanol and deuterated ethanol can also beresulting from the first two pulses (see eq 15). We note that
prepared as a stable orientational gf#s8? In this phase the  Zilker et al. seem to underestimate the heat dumped into the
molecules are arranged on an ordered lattice but with disorderedsamples by an order of magnituti&’
orientations. Even though the structural glass was used for the In a “worst-case scenario” when the heat release is much
experiments here, positional disorder is not essential for the faster than the diffusion out of the focal volume, this would
manifestation of glasslike behavior. cause a temperature increase given by the relation

2¢,5cA ESFTl

IV. Results and Discussion Thinal ToT) =0
T f.. Id V Q E
initial focalP S—S;

E (15)

ulse
Figure 1 presents the 3PE data for ZnP/EtOD at 1.8 K using P
a laser fluence of 400 nJ per pulse. These data essentially . .
reproduce Meijers’ experiments at a slightly higher temperature. 1he specific heat(T) of ethanol glass is known from 1.8 K
The plateau, as first observed by Meijers and Wiersma is more UPward®® It can then be calculated that fofTgiia of 1.8 K the
evident than before owing to higher signal-to-noise in the local temperature risé\Test= (Tinal — Tinitial) CaN bex1.7 K
experiments. These data suggest a gap in the glass dynamics 4" the experimental conditions mentioned above.
rates between 16 and 104 s-L. Measurements such as these The released heat will eventually spread through the sample.
made Meijers et al. suggest that the hyperbolic distribution of Solving the heatdiffusion_equation will yield the time-dgpendent
relaxation rates of eq 9 exhibits a gap on these time scales.local temperaturd(r, t). Since th}? phqnon rglaxatlon times are
Clearly, a distribution of tunnel parameters cannot account for Much shorter than the diffusion times in the glass, it is
glass dynamics on discrete time scales. As an illustration, a fit "'€@sonable to assume that the phonons are in quasi thermal
through the data, using eq 12 witrandv as fitting parameters, equilibrium within the focal volume. Th_e transient temperature
is presented as the dashed line. can then be apprquate;d by the spatial average over the focal
Recently it was shown by Zilker et &lthat sample heating, volum_e. The do_mln_ant (_j|ffu3|on process Is heat flow out of the
caused by radiationless decay of excited molecules into thefocus n t_h_e radial direction over a time scg&e; a%oclk. When
lattice, can cause a waiting-time-dependent line broadening in the specific heat and the thermal conductivity are treated as

3PE experiments. Earlier this option was not considered becausé©nstants, the transient temperature can be calculated to be
it was argued that in 3PE effectively only the molecules in the 1 Ly

ground state are probed. The population in the excited singlet T®) = Tiitiar T (Tina — Tinitial){m —e ”'} (16)
state decays on the time scale of the fluorescence lifetime into a

the lowest triplet state, thus leaving only the grating in the
ground state to be probed. The fact that only unexcited
molecules are involved in generation of the signal led to the
conclusion that high laser fluences cannot createveaiging- 1 10
time-dependerexcess dephasing. This conclusion was supported m(tw) =K Tigar (0, + f,(ty Ryl T(6)D)  (17)
by the fact that in a 2PE study, where the excited state is probed 2

as well, hardly any dependence on the laser fluence was found., , . h

Actually, the fact that only ground-state chromophores are

probed at waiting times longer than the fluorescence lifetime f(ty Rusl TN =

was considered a major advantage of the technique used.

However in experiments on PMMA at temperatures below 1 ﬁ;odx (1 — (t,Rad T(t,), X]))V/Z(l — tanh) tan}‘(m))

This temporal temperature profile can be substituted into eq
12. The effective homogeneous line width then becdries

K, Zilker and Haarer measured decreasein the effective T(t,)

homogeneous line width with increasing waiting time. This V po

clearly indicated sample heating. It was subsequently sh#vn Eﬁ) dx X’ secfi(x)

that dumping of the absorbed energy in combination with the (18)
small specific heat of glasses at low temperatures leads to a

transient temperature rise in the focal volume. Zilker et al. and and
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XT. . 22
Rrad T(t), X = €T’ CO”’( mmal) (19) — ]
T(t,) N
(:D 2.0 -
In this crude model for heat diffusion, for valuesiobetween m“
0 and 0.3 and for the pulse energies used in our experiment, &

/T

~ 18
the echo decay depends linearly on the incident pulse energy S —1
within the experimental resolution.

The experiment of Figure 1 can be analyzed along these lines. 16
A pulse energy ott400 nJ leads, in the worst-case scenario — T T T T T T
described by eq 15, to an estimated temperature increase in the 0 100 200 300 400

sample ofATesi~ 3.1 K. This estimate can then be compared

to the temperature rise as deduced from the dephasing data, . ) d fthe 3PE d h fth _
The solid line in Figure 1 is a fit of the data using eq 17. The T '9ureé 2. Dependence of the 3PE decay on the energy of the excitation

. . . . : ulses for an experimental waiting time ofus. The solid line is a
excellent fit obtained confirms the suggestion of Zilker and Neu ﬁnear extrap()'atign to zero laser f?uence. s

that sample heating is the cause of the observed plateau. In this

Laser fluence per pulse [nJ]

fit, the temperature risé Ty, the time constant for the heat 2.0 o

diffusion process,, the TLS-phonon coupling constaof and ] @

K, were used as fitting parameters. The fit implies, witfixed § 1.5 -

in the limit of v — 0, a temperature rise ATy ~ 1.3 K. O |
The fixed value ofv used in this fit differs from the value ;‘ 104

found by Zilker et al., who find the best fit for= 0.15. Fitting 9o i

our data withv as an adjustable parameter yields only a E 0542

marginally better fit fory ~ 0.001 andATs ~ 0.8 K. Since
settingv to a higher fixed value only decreases the value of fit 00 __T_/,

parameterATy;, the comparison of the estimated vali@cs ' AL L
and the fitted value\Ts; suggests that = O for this system.
Actually, if Zilker et al. would not have underestimated the
amount of heat released in their experiments, their guesses for
Trinat Would have been substantially higher, for examp@&es:

= (Tfina| - Tinitial) ~ 0.9 K instead of 0.2 K fon—initial =15K

and ATest = 1.5 K instead of 0.5 K foiTinitiar = 0.75 K. This

(b)
‘ I

] 1]
] &t lI I

1

Fluence dependence [10°x Hz J']

has implications when these estimated valtn@s;;are compared + I

to the values ofATy; deduced from fitting the dephasing rate i } I 1

data. On the basis of their estimates, the data were chosen to ] 1

be fitted withv = 0 because this decreased the vahig; to /A p s oo e e s

the value ofATes; -2-8 -7 6 -5 4 3 2 -
Finally, the diffusion time is found to be, = 23 us in the log ( t, [s])

case thav — 0 andt, = 30 us. Though the heat conductivity
x has to the best of our knowledge never been reported forto zero laser fluence as a function of waiting tilpeg®) and the pure
chgnol glass, comparison to other molecullar gld8sés homogeneous dephasing rat&t/extrapolated from 2PE decays in a
indicates that the values found fog are of the right order of  gjmilar fashion ©). The solid line is a it to the 3PE data yielding
magnitude. = 116 MHz (see text), from which the 2PE echo is predicted to have
The model was further tested by performing the same the value indicated by the star (*). Theaxis is broken, to indicate
experiments, but with echo decays extrapolated to zero fluence.that the position of the 2PE data on thexis is set by 2 rather than
On attenuation, the echo decay rate decreases proportionallyP tw- (b) The dependence of the echo decays on the energy of the
with the decreasing pulse energy, as is depicted in Figure 2 for Sxcitation pulses for the 3PEJ and 2PE £) experiment.

3PE decays with a waiting time of a microsecond. The effective gecrease of the stretch paramef@r{ 0.75 is found at 8 K).

pure dephasing rate was then extrapolated to zero pulse energyrh;s |ast observation is in good agreement with the 2PE results
A complicating factor in this extrapolation is the fact that of Thorn Leeson et al. on protein samples. They found a similar

for both the 2PE and the 3PE at short waiting timgs{ 0.1 gecrease of the stretch parameter of the 2PE decay with

us), the temporal shape of the echo decay changes with the |asefncreasing temperatuf@.

fluence. Nonexponential echo decays imply non-Lorentzian line  The parameter distribution of eq 7 does imply a stretched

shapes and impede comparison of the fitting results. To quantify exponential 2PE decay for = 0:

this effect the decays were fitted to stretched exponentials

Figure 3. (a) Effective homogeneous dephasing rafecfextrapolated

l(r) O e @™ 21
lp(7) O & T (20) rel?) )
However, sincer is small and positive and does not depend on
For true stretched exponentials, which are often reported for temperature, modification of the parameter distribution cannot
relaxation phenomena in disordered systéin&, § is positive explain the observed behavior of the temporal shape of the 2PE
and less than 1. Here the stretch parameter is set as a free fittinglecay. Geva and Skinr®predict slightly nonexponential echo
parameter. The stretch parameter does not extrapolate to 1 fodecays starting out from the parameter distribution of eqs 1 and
zero laser fluence; instead, it varies from 1.2 at low fluence to 2, however, without quantifying their results. For 3PEs the
0.9 at high excitation pulse energies for 2PE decays of ZnP in relation between the shape of the echo decay and the excitation
EtOD. A rise of the experimental temperature leads to a further pulse energy is less pronounced and only observable for short
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waiting times fy < 0.1 us). The temporal shape of the echo From eq 23 or 26 we can calculate the predicted homogeneous
decay is almost pure exponential for longer waiting times. This line width 147T,2PEof ZnP in EtOD. Both methods lead to nearly
is also predicted by Geva and Skinner. The stretch paraffieter the same prediction for the 2PE decay, 183or 1.59 w,
varies in this regime between 0.95 and 1, irrespective of laser respectively. The former estimate is displayed by the star in
fluence. To be able to compare the 2PE and 3PE decays, allFigure 3a. The experimental value, extrapolated to zero laser
decay curves were force-fitted to a single-exponential decay. fluence, is indicated by an open circle. Clearly there is a large
The extrapolated data for ZnP in EtOD are presented as circlesdiscrepancy (about a factor 3) between the experimental and
in Figure 3a. It is obvious that the plateau has disappeared.“theoretical” value of the homogeneous line width of ZnP in
Instead the photon echo decay time varies linearly withtjgg( EtOD at the shortest possible time scale, implying that at this
in line with theoretical predictions. Additionally, the recovered time scale there is much more dephasing than predicted by the
waiting time dependence of the effective dephasing rate seemsstandard TLS model. In terms of the standard model this means
to point to the fact that the distribution of TLS parameters in that the functiorR-P(R) of eq 22 is not flat, as assumed in the
EtOD is best described with— 0. The triangles in Figure 3b  theory. Instead at times shorter thai;¥/the value of this
show the fluence dependence of the effective dephasing rate function seems to be 3 times larger than at times longer than
This fluence dependence is determined by the slope of the line1/T,*. We conjecture that this effect might be due to optically
fitted through the data points of the plot of the dephasing rate induced spectral diffusion, meaning that optical excitation of
vs laser fluence (e.g., Figure 2). The increase of the fluence the singlet state leads to fast tunneling of strongly coupled TLS
dependence due to sample heating to time scales of about 1Gystems.

us can easily be distinguished. Then, up to millisecond waiting  The fast decay of the 2PE, pointing in the direction of excess
times the fluence dependence decreases because the waiting timgphasing on the shortest time scales, was also found by Meijers
is sufficiently long for the heat to diffuse out of the focal volume. i, gther doped glasses such as toluene, triethylamine, and several
It seems that at longer time scales i ms) the fluence  ,olymerstl The 2PE and 3PE data of these materials could only
depender)ce increases again, probably due to d_ecay of the t_r|ple e fitted by assuming a large value of the functRiP(R) of
state, which leads to additional heat dumping into the lattice. oq 22 at short waiting times. Optical excitation of chromophores
The solid line in Figure 3a is a linear fit through the 3PE  harefore seems to induce line broadening as was suggested
dephasing data (solid circles). In the standard TLS model, the earlier’45.76 Although it is impossible to distinguish between
slope of this line should reflect the distribution of relaxation 55t SD that is intrinsic to the glass and SD that is caused by
ratesP(R) of eq 9 for long waiting timest > 7) according 0 the change of state of the chromophores, the TLS model by
off itself does not predict a larger distribution of flipping rates at
O(1T, — RP(R) = 22 the shortest waiting times. The latter suggestion implies that
d log(t,,) o (R =w (22) the chromophores do not merely act as spectators but can
actually cause glass dynamics. These dynamics generate the
This allows for a consistency check using the 2PE because it€Xcess SD on the shortest time scale. Of course, this idea is in
also reflects the distribution of relaxation rate¢R). Since a  conflict with the assumption of the chromophore only being a
linear fit through the 3PE data suggests that 0 and if we probe of glass dynamics.
setu = 0 as beforeP(R) is hyperbolic (eq 10), and then the The TLS model is in essence a stylized representation of the

pure dephasing rate can be shown to be multidimensional potential energy landscape of the glass.

Flipping TLS’s induced by a dipole or conformational change
1 _0Ow (23) of the chromophore thus represent a change in this landscape

T,* 2 allowing the chromophore to relax to a different location. Since
the landscape is completely random there is no relation between

with ® = 3.66. the chromophore’s location and its transition frequency in the
Geva et aP8 deduced for long waiting times,( > 1017), a inhomogeneous line shape. Consequently, a relaxation of the
slightly different relation between the inverse dephasing rate bath surrounding the chromophore does not necessarily result
and the slopev of the solid line in Figure 3a: in a dynamic Stokes (red) shift. In a glass such a process would

lead to random changes of the transition frequencies thus

ST - introducing additional SD to the “background” SD already
———— = o = In(10);K'PyokT (24) present. This is different from the situation in liquids, where
9 log(t,,) 3 solvent relaxation results in a red shift of transition frequen@ies.
) ) ) Only at intermediate temperatures, above the glass point, where
HereK' is the TLS-chromophore coupling constant,is the relative motion of the chromophore and the solvent is not
TLS density, and Pis set by the limits of the TLS parameter  gnijrely suppressed, a red shift should be observable in glasses.
distributions: This is the so-called dynamic Stokes shift and can be thought
1 of as SD in a well-defined direction.
=~ (25) The intensity of the 3PE can serve as a test of the TLS model,
€madN(Ama Armin) complementary to the dephasing data. When the echo signal is

measured as a function of waiting tintg for a fixed pulse
separation timer, rather than the other way around, the
3 B population dimension of the 3PE is probed. As mentioned above
1 _ BLKP okT = ° ., (26) and as is shown in eq 14, the echo intensity in this experiment
T,* 0 =0 2In(10) is directly related to the population relaxation of the chro-
mophores. However, eq 14 shows that the intensity decreases
By is an integral that can be evaluated numerically to y®jd owing to phase relaxation, and therefore owing to spectral
= 7.328 leading to I,* ~ 1.591w. diffusion, as well. Since sample heating has a profound effect

The pure dephasing rate is then calculated to be
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5 echo intensity loss, the effect should be smaller when pulses
with a larger spectral bandwidth are used. When the pulses
overlap the complete absorption spectrum of the-S S;
transitio, it should obviously completely disappear. With our
current setup, we were not able to perform such an experiment
yet.

In other glasses and in proteins, exactly the same behavior
of the longitudinal echo decay is found, although the specifics
of the time scale and size of this effect vary. As noted before
LI SR IR L R A | these large frequency jumps are not optically induced. If this

S o '5(1 '[‘;] ) 42 would be the case, the induced jumps would lead to permanent

gtk hole burning. This was checked regularly during the experiment,

Figure 4. 3PE intensity as a function of the experimental waiting time  and as mentioned before no significant hole burning was
t, for ZnP in EtOD. The timer between the first and second pulse is  jatected.

set to 100 ps and the energy of the excitation pulses was@pand . . .
50 nJ per pulse&), respectively. The dotted line is a calculation of So far we discussed three different glass-dynamical processes,

this intensity based on eq 14 using the waiting time dependence asall with different intrinsic time scales. First there is the

depicted by the 3PE data in Figure 3a ¢ 116 MHz, see text). The  background process of flipping TLS'’s that cause SD on all time
data sets are scaled to their initial valug,at= 12.5 ns. The solid line scales, and which is expressed by logarithmic line broadening.
is the same calculation but now scaled to the long waiting time data. Second there is optically induced spectral diffusion, creating

on the dephasing rate in the coherence dimension of the echogxcess SD at short time scales, and which is directly related to
it is expected that a similar effect is found in the population an optically induced change of electronic state. Third, there are
dimension of the echo. It was speculdéaat sample heating  large frequency jumps due to coupling of chromophores to
might explain the discrepancy found by Meijers et al. between nearby TLS'’s. This effect explains the anomalous echo intensity
the 3PE intensity as a function of waiting time and a prediction loss found in the longitudinal echo dimension on time scales
based on Ff(ty). shorter than microseconds.

A quantitative inspection of eq 14 shows, however, that the  |n single-molecule experiments the fact that different chro-
effect of sample heating on the data in the population dimension mophores couple to different subsets of TLS's was clearly
is too small to be experimentally resolved. The intensity data demonstrated. For instance, the fluorescence excitation line
of ZnP in EtOD, presented in Figure 4 for= 100 ps, are in  wjdths of a large number of chromophores are distributed over
accordance with this and show, after scaling, no significant an interval of up to 3 orders of magnitué&’® The average
dependence on the excitation pulse energy. The data shown hergyorescence excitation line width is always larger than can be
are for pulse energies of 400 nJ per pulse (circles) and 50 NJexpected from 2PE experiments on the same sam@éhe
per pulse (triangles), a range in which a considerable change inypical time scale of a single-molecule experiment is often taken
dephasing rate is found in the coherence dimension as iStg pe the time it takes to scan the line width of a molecule,
indicated by Figure 2. The data are scaled with respect to theypnically tens of seconds. During this time the chromophore is
echo intensity for both excitation energieg@= 12.5ns. The  yjyen through the excitation cycle many times. If its position
dotted line is a prediction of the echo signal based on eq 14, the potential energy landscape indeed alters every time it

and the ;[ft through the extrapolated®f(t.) data of Figure 3a.  changes state, the chromophore explores a considerable region
Since B (tw) no longer includes a gap in the distribution of ¢ 4o energy landscape. Nevertheless, the single-molecule

:ur;Eelln%rattg S thfetﬁpect:al ldn;fu;lonhmgktes a_{arg_]rer:.c%ntrlbutlon experiments unconditionally demonstrate that different chro-
0 thé reduction ofthe caiculated echo Intensity. 1NIS AECreasesy, ,,nqres couple to different subsets of TLS's. Thus it is likely

the di_screpancy between the calculated signal in_tensity and thethat the coupling between some chromophores and the nearest
experiment, but it cannot account for the total difference. TLS’s exceeds the weak interaction limit. In fact it is found

. Obviously too ”.‘“Ch echo intensity IS |°St. at short Walting ot a substantial part of the spectral jumps of individual
times up to the microsecond time scale. This is illustrated by . . 83
molecules is photoinduced:

the solid line in Figure 4. It shows the same prediction for the T o

echo intensity, but now scaled on the long waiting time data. !f the TLS flipping is indeed caused by a change in dipole
To account for the echo intensity loss, a special case of SD moment or distortion of the c_onﬂgurgtlo_n of the solute, excess
was already introduced by Meijers and Wiersma, who proposed SD is not only caused by optical excitations but by any change
the occurrence of “large frequency jumps”. They suggested thatin electronic stz_itg. So far, the most strglghtfor\_/vard_expenmental
a subset of nearby TLS's is strongly coupled to the impurity method to explicitly demonstrate such interactions is to carefully
centers. These subsets need not be the same for all chromophoréompare 2PE results with 3PE data. In addition comparisons
surroundings. Flipping of the TLS's in these subsets induces aOf transient and persistent HB data by"Iu et al** and
large frequency jump of the optical transition. They argued that Khodykin et al*> show anomalous SD in the time domain of

if these jumps are on the order of the exciting laser bandwidth the triplet-state deactivatiofipiey). This yields yet another clue
this will lead to a decrease of the intensity of the 3PE in the that strong coupling between the chromophores and the sur-
population dimension, without affecting the intensity in the rounding TLS’s needs to be incorporated in the TLS model.
coherence dimension. Effectively this process can be considered=inally, it may be noted that the findings reported here should
as an extra population relaxation channel. Indeed it seems thatcome as no surprise since strong coupling between chromophore
a substantial number of chromophores jump out of the laser and bath is often found in solvent dynamfé¢sand it can be
spectral bandwidth on times scales faster than microsecondsobserved in crystals as well. For instance, in photon-echo
Note that this effect is not caused by local heating. The experiments on TH- and P#"-doped crystals, an example of
correctness of this scenario can be checked experimentally. Ifinstantaneous SD due to magnetic dipole interaction between
large frequency jumps are indeed the cause for the anomaloughe excited ions and the surrounding lattice was demon-

Im5 [a.u.]
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strated’®-8586 However to obtain full understanding of these

processes, further experimental and theoretical work is neede

V. Conclusions

The first conclusion to be derived from these results is that
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