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ON THE DISTRIBUTION OF SINGLE MOLECULE LINE WIDTHS 
IN LOW-TEMPERATURE GLASSES 

EITAN GEVA AND JAMES L. SKINNER 
Theoretical Chemistry Institute and Department of Chemistry, 
University of Wisconsin, Madison, WI 53706. 

A b s t r a  We discuss a theoretical model for describing the spectral dy- 
namics (fluctuating transition frequency) of individual chromophores in 
solids. We show that analysis, with this model, of line width distri- 
butions resulting from experiments on many individual chromophores 
in glasses may provide a discriminating test of the “two-level system” 
model of glasses. 

The electronic energy levels of a chroniophore in a glass, and hence the chro- 
mophore’s transition frequencies, are very sensitive to the chromophore’s local en- 
vironment. In principle, then, the optical spectroscopy of dilute chromophores can 
play an important role in elucidating the structure and dynamics of glasses. Con- 
sider first a typical absorption experiment in which a very large number (on the 
order of of chromophores are illuminated. Glasses are both characterized 
by structural disorder that is essentially static on the time scale of an absorption 
experiment. This means that each chromophore finds itself in a different local 
environment, and has a different transition frequency. The measured absorption 
cross-section superposes the absorption line shapes of the large number of individ- 
ual chromophores. Therefore, even if the line shape of a single molecule is quite 
narrow, because of the structural disorder and the large number of chromophores, 
the observed line shape is typically broad and structureless. This “inhomogeneous 
broadening” is usually on the order of 200 cm-’. 

Because the atoms in a solid are constantly in thermal motion, the local envi- 
ronment of an individual chromophore also fluctuates in time, and therefore so does 
its transition frequency. Indeed, these transition frequency fluctuations, which we 
will call “spectral dynamics,” make a contribution to the line shape of an individ- 
ual chromoyhore. Because in a typical absorption experiment one cannot observe 
line shapes of the individual molecules, this potential information about the dy- 
namics of the solid is unobtainable. In recent years, however, several techniques 
have been invented that circumvent inhomogeneous broadening, and therefore do 
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74 E. GEVA AND J.  L. SKINNER 

furnish information about spectral dynamics. For esample, in the photochemical 
hole-burning technique,[ 11 the sample is irridiatcd with a narrowband laser, excit- 
ing only those chromophores in resonance with the laser. Once in a great while, 
one of the chromophores will react photochcniically, such that the photoproduct 
absorbs in some other frequency region. \Vhen the sample is subsequently scanned 
with a weak laser, some fraction of those molecules originally escited will be absent, 
producing a “hole” in the inhomogencous absorption band. The hole shape is not 
obscured by inhomogeneous broadening, since it results from a set of chromophores 
all of which had the same frequency, and therefore the hole shape can reflect the 
spectral dynamics of the chromophores. 

The great power of photochemical (or photophysical[l]) hole burning comes 
from the fact that only a subset of the ensemble of chromophores are involved 
in the experiment. By estrapolation, one might imagine that the most detailed 
and informative study of spectral dynamics could be obtained from experiments 
on individual chromophores. This ncw arid csciting field of science has been called 
single molecule spectroscopy (ShlS) . [2 ,  3, 41 By studying many individual molecules 
one can measure the distribntion of spectrid dynamicid behaviors. This distribution 
necessarily contains more information than can be obtained by experiments that 
average over many chromophores, even those with estreme frequency selectivity 
such as hole burning. In practice, however, certain technical limitations of SMS 
restrict the time scale over which the spectral dynamics of individual chromophores 
can be measured. So in the end, we bclieve that SMS and hole burning (for example) 
will prove to be complementarily useful tcchniques. 

SMS line shapes are usually nieasurcd by fluorescence excitation techniques: [5] 
the probability that a molecule absorbs a photon is determined by collecting the 
resulting fluorescence. A line shape is constructed only after many absorption and 
emission cycles at  many laser frequencies have been performed. At the simplest 
level, spectral dynamics affects the line shape of an individual molecule because over 
the course of the experiment the molecule has sampled a distribution of frequencies. 
This brings up one interesting wrinkle of SMS: in general, the line shape depends 
on how long you measure it! This is because as you wait longer and longer the 
molecule will sample more and more frequencies. For a fised measuring time, each 
individual chromophore will have a different line shape, because each chromophore 
has statistically different spectral dynamics, again as a result of their different en- 
vironments. By studying the distribution of single molecule line shapes, one can 
obtain detailed information about the distribution of spectral dynamical behaviors. 
Such distributions have been measured for a number of different chromophore/glass 
systems.[6, 7, 8, 9, 101 

It is thought that the types of atomic motions that are responsible for the 
spectral dynamics described above result from the flipping of “two-level systems” 
(TLSs).[ll, 12, 13, 141 Each of these objects, which were originally invoked to ex- 
plain the anomalous heat capacity of glasses, arises from a double-well feature in the 
potential energy surface along some collective coordinate of atomic displacements. 
The “two levels” refer to the two lowest energy eigenstates of the double-well po- 
tential. Flipping between these two states is thought to occur by phonon-assisted 
tunneling. Each chromophore has a large number of TLSs in its local environ- 
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LOW-TEMPERATURE GLASSES 75 

ment, and if a T L S  flips, the chromophore's environment and hence its transition 
frequency is changed, resulting in spectral dynamics. 

The main purpose of this paper is to describe a theoretical model of spectral 
dynamics arising from the T L S  mechanism, and to show how analysis of experi- 
mental data with this model can lead to information about dynamics in glasses. 
The organization of the paper is as follows. In Section I1 we describe the theoret- 
ical model and present the single molecule line-shape formula derived from it. In 
Section I11 we present some calculations on the distribution of SMS line widths of 
chromophores in glasses, and compare to esperiments on terrylene in polystyrene. 
In Section IV we conclude. 

T H E  S I N G L E  MOLECULE I J N E  SHAPE FOR.MULA 

The basic theoretical model involves a single chromophore interacting with a num- 
ber of noninteracting TLSs. A s  dcscribed above, the transition frequency of the 
chromophore depends upon the instantaneoiis configurations of the TLS. Thus we 
write 

v( t )  = fi + C<jj( t )uj l  
j 

where v( t )  is the fluctuating transition frequency of the chromophore, V is its value 
when all of the T L S  are in their ground states, &(t)  is the fluctuating occupa- 
tion variable for the j t h  TLS,  whose valiies are 0 or 1 for the ground and excited 
T L S  states respectively, and vj is the perturbation that T L S  j makes (when ex- 
cited) to the chromophore's transition freqiiency. For T L S  j < j ( t )  is a stochastic 
variable whose time-dependent probability distributions obey first-order rate equa- 
tions. Thus the statistical propertics of tJ(t) are completely determined by Kj, the 
relaxation rate, which is the sum of the upward and downward transition rates, and 
p j ,  which is the equilibrium probability of finding the T L S  in its excited state. 

Let us focus on the SMS line shape. As described above, if the time it takes to 
measure the line shape is T ,  then the line shape is clearly only sensitive to dynamics 
on a time scale faster than T .  Within the T L S  model, this means that only TLSs 
with relaxation times shorter than T can contribute to the spectrum. To a good 
approximation one can write the line shape as[15, lG] 

where 

A .  - - 2 - nzv; - q2pj - 1)7rVjKj, ' - 27r t : 2  

1 K .  
a .  - -" - i(2Pj - 1).Vj], '-27r 2 
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76 E. GEVA AND J. L. SKINNER 

and TI is the excited state lifetime. The superscript F on the product indicates 
that only those (fast) TLS with Kj > 1 / ~  are included. Thus we see that the line 
shape for an individual molecule is the Fourier transform of a product of factors, 
one for each effective TLS, times an esponential damping factor due to the excited 
state lifetime. 

Figure 1: Histograms showing the esperimental (from Ref. 8) and simlulated line 
width distributions, P( Av), for individual molecules of terrylene in polystyrene. 

THE LINE WIDTH DISTRIBUTION 

Line shapes of individual chromophores have been studied for a number of chro- 
mophore/glass systems. A simple way to characterize the distribution of line shapes 
is by a distribution of line widths. As discussed above, the distribution of line 
widths arises because each individual chroniophore has a unique TLS environment. 
Two- and three-pulse echo and hole-burning esperinients have all been analyzed 
with a more or less standard TLS niodel[l7, 18, 19, 20, 21, 22) (but also see ref- 
erences [23, 241). We have argued above that SMS esperiments have the potential 
for obtaining more information than these ensemble averaged experiments. Thus 
our goal here is to analyze the SMS experiments with the same TLS model, in the 
hopes that they can provide a discriminating test of the model. 

We begin by describing the standard TLS model. The dynamics of each TLS 
involves two parameters: I<, the rekyation rate constant, and p ,  the probability 
that the TLS is excited. p is determined through the energy splitting E between 
the TLS eigenstates by the Boltzmnnn frzctor 

= ,+/kT/(l + e - E / k T ) .  

Relaxation is assumed to be dominated by one-phonon-assisted tunneling, and hence 
K takes the form 

K = CEJ2 coth(E/2kT), 
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LOW-TEMPERATURE GLASSES I1 

where C is a TLS-phonon coupling constant and J is the tunneling matrix ele- 
ment between the two zeroth-order states localized in each well of the potential. E 
depends on J and A ,  the energy asymrlietry between the localized states, by 

E = Jrn. 
Because the glass is disordered each TLS has a unique pair of A and J, and the en- 
semble of TLSs is therefore described by the distribution function P ( A ,  J ) .  Within 
the standard TLS model this distribution function is given by: 

where p is a positive constant. AS long ils the cutoffs Amax and Jmaz are chosen to 
be much larger than kT, the results are insensitive to their values. I t  is typically 
found that the hole width of chrornophores in glasses goes like TY, where y is around 
1.3.[25, 261 From the standard TLS model one can show that y = 1 + ,u; therefore 
we take p = 113. 

The TLSs are assumed to be randomly distributed in space. The perturbation 
of the chromophore's transition frequency results from dipolar interactions with the 
TLSs.[l7] The perturbation from a single TLS is given by 

A f f  
E r3 ' 

v =  f-- 

where a is the TLS-chroniophore coupling constant, T is the distance between the 
chromophore and the TLS, and f is a dimensionless angular factor, which, for 
simplicity, we will take to be a random Vilridh that has values f l  with equal 
probability. 

Our first effort to analyze Sh4S line width data involves the system terrylene 
in polystyrene, [8] primarily because many of the parameters described above are 
known. (A more complete report of the analysis of this and other systems will be 
submitted shortly.[27]) The full wiclths at  hidf masinium (FWHM) of the line shapes 
for 121 individual terrylene molecules were measured a t  1.7 I<,[8] and the amount 
of time it took to measure each line shape was T = 120 s. In what follows we will 
measure energy and temperature in units of l< (Kelvins), distance in units of nm, 
and time in units of s. The value of the phonon-TLS coupling constant is known for 
polystyrene: C = 3.9 x lo8 I ~ ~ s - ' . [ 2 8 ]  Also known is the density of TLSs with 0.5 
K I E 5 1.5K for polystyrene is[29] 3 x loV4 Taking A,, = Jma, = 17 K, 
we determine the total TLS density p from Eq. (1); we find that p = 1.15 x 
nm-3. Jmin is determined by setting Klnilt = 2kTCJ:tin to be s-', so that 
the slowest possible TLS relaxation time ( lo4 s) is much longer than 7. This gives 
Jmin = 2.8 x lo-' I<. The excited state lifetime of tcrrylene is 7'1 = 3.8 ns.[30] Thus, 
the only unknown parameter is 0, the TLS-chroniophore coupling constant. 

To compare the TLS model to SMS espcriments, we generate representative 
configurations of a single chromophorc siirroiindctl by many TLSs using Monte 
Carlo sampling. We then use Ecl. (1) to cillculiltc thc exact line shape for each 
configuration. It should be emphasized that these line shapes are in general not 
Lorentzian or of any other simple functional forni. For each line shape the FWHM, 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 0

9:
46

 1
8 

Fe
br

ua
ry

 2
01

3 



78 E. GEVA AND J.  L. SKINNER 

Av, is deterniined numerically, and ii liistogriiiii of the line widths is obtained for 
a large number of chromophores. Thc thcorctical histogram is compared to the 
experimental one in a Iea.~t-sqiiar~s srnsc, i i ~ ~ d  the entire procedure is repeated for 
different values of a. The \yidl1c of (I that giivc the best fit is a = 3.75 x 10” 
nm3/s. The comparison betwecn the thcorctical and experimental histograms is 
shown in Fig. 1; it is seen that the agrecnicnt is only qualitative. However, it 
is important to point out that the thcorcticiil histogram has 2000 chromophores, 
while the experimental one has only 121, and therefore the latter has much more 
statistical noise. Nonetheless, further analysis[27] shows that it is rather unlikely 
that the deviation between esperinicnt ancl simulation arises solely from the small 
number of chromophores sampled in the esperinicnt. The simulated distribution 
is distinctly narrower than the espcrinientiil one ancl a clear difference between 
to two is seen at  low widths. Siiiiilar discrepimcics are systematically repeated in 
other systems as n d l  [27]. Prol-idcd thilt tlir cxpcriIncnta1 rcsults are quantitatively 
reliable, these observations miiy suggest thiit the stilridard TLS model may need to 
be modified in order to c’ilpt1lre thc IIPW informiition provided by SMS. 

CONCLUSIONS 

In this paper we have endeavored to show thiit from the spectral dynamics of indi- 
vidual molecules, as measured by line sliapes, one ciin obtain interesting and useful 
information about atomic motions in solids. In piirticlhr, we believe that the mea- 
surement and analysis of line width distributions for chromophores in glasses will 
answer questions about the corrcctncss o f  the standard tunneling model of glasses, 
and may eventually help us understand tlie microscopic origin of “two-level sys- 
tems.” To realize this goal it will be necessary to have esperiniental data for a large 
number of chromophores (at least several hunclrcd), at  several different tempera- 
tures, and on several different systems (prcfcrably those for which parameters for the 
undoped glass are available). It would also be most helpful if one could obtain data 
from complementary spectroscopics (twvo-pulse echo, three-pulse echo, hole burning, 
single molecule line shapes, spectral diffusion triijcctorics, and fluorescence intensity 
correlations[31]) on the same systcni. 

The authors are grateful for support from the Ni~tionid Science Foundation (Grant 
nos. CHE-9526815 and CHE-9522057), and from the Petroleum Research Fund, 
administered by the American Chemical Socicty. JLS thanks Ross Brown and Bob 
Silbey for helpful discussions. 

References 
[l] W. E. Moerner-Ed., Persistent Spectml Hole-Burning: Science and Appfica- 

tions (Springer-Verlag, Berlin, 1988). 

[2] W. E. Moerner, Science 265, 4G (1991). 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 0

9:
46

 1
8 

Fe
br

ua
ry

 2
01

3 



LOW-TEMPERATURE GLASSES 79 

[3] M. Orrit, J. Bernard, and R. I. Personov, J. Phys. Chem. 97, 10256 (1993). 

[4] J. L. Skinner and W. E. Moerncr, 3.  Phys. Chem. 100, 13251 (1996). 

[5] M. Orrit and J. Bernard, Phys. Rev. Lett. 65, 2716 (1990). 

[6] T. BaschC and W. E. Moerner, Nature 355, 335 (1992). 

[7] L. Fleury et al., J. Lumin. 56, 15 (1993). 

[8] B. I<ozankiewicz, J. Bernard, and M. Orrit, J .  Cheni. Phys. 101, 9377 (1994). 

[9] R. Kettner, J. Tittel, T. Basch6, and C. BrBiichle, .J. Phys. Chem. 98, 6671 
(1994). 

[lo] J. Tittel et d., J.  Lumin. 64, 1 (1995). 

[ll] P. W. Anderson, B. I. Halperin, and C. M. Varma, Phil. Mag. 25, 1 (1972). 

[12] W. A. Phillips, J. Low Temp. Phys. 3/4, 351 (1972). 

(131 A. Heuer and R. Silbey, Phys. Rev. Lett. 70, 3911 (1993). 

[14] D. Dab, A. Heuer, and R. J. Silbey, ,J. Luniin. 64, 95 (1995). 

[15] P. D. Reilly and J. L. Skinner, .I. Chcm. Phys. 101, 959 (1994). 

[16] J. L. Skinner, In: Optical Probing of Single Adolecules, eds. Th. Basche', W. E.  
Moerner, M.  O n i t ,  and U. Wald (Verlag Cheniie, Berlin, 1986). 

[17] R. Maynard, R. Rammal, and R. Suchid, J. Phys.-Lettres 41, 291 (1980). 

[18] D. L. Huber, M. M. Broer, and B. Golding, Phys. Rev. Lett. 52, 2281 (1984). 

[19] W. 0. Putilda and D. L. Huber, Phys. Rev. B 36, 3436 (1987). 

[20] Y. S. Bai and M. D. Fayer, Phys. Rev. B 39, 1 1 O G G  (1989). 

[21] L. R. Narasimhan et al., Chem. Rev. 90, 439 (1990). 

[22] A. Sudrez and R. Silbey, Chem. Phys. Lett. 218, 445 (1994). 

[23] D. Zimdars and M. D. Fayer, J. Chem. Phys. 104, 3865 (1996). 

[24] R. Silbey, J. M. A. Koedijlc, and S. Volker, J. Chem. Phys. 105, 901 (1996). 

[25] S. Volker, Annu. Rev. Phys. Chem. 40, 499 (1989). 

[26] T. Schmidt et nl., Phys. Rev. Lett. 71, 3031 (1993). 

127) E. Geva and J.  L. Skinner, (to be submitted). 

(281 J. F. Berret and M. Meissner, 2. Phys. B 70, G5 (1988). 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 0

9:
46

 1
8 

Fe
br

ua
ry

 2
01

3 



80 E. GEVA AND J. L. SKINNER 

[28] J. F. Berret and M. Meissncr, Z. Phys. B 70, &5 (1988). 

[29] R. 0. Pohl, In: Amorphous Solids: Low-Temperature Properties, ed. W. A .  
Phillips (Springer-Verlag, Berlin, 1981). 

[30) W. E. Moerner et al., J .  Phys. Chem. 98, 7382 (1994). 

[31] A. Zumbusch et al., Phys. Rev. Lett. 70, 3584 (1993). 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 0

9:
46

 1
8 

Fe
br

ua
ry

 2
01

3 


