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~n this ~aper we report an analysis of hole burning line shapes yielding both reversible and 
lrreVerSl?le contributions to the linewidth which are due to spectral diffusion. These terms 
show a lInear T dependence and can, through cycling experiments, be investigated in the 
temperature range of 0.5 < ~ -:: 25 K. The range 1 < T < 25 K is particularly interesting 
because, under normal condItIons, Debye contributions and local mode contributions 
overwhelm the small spectral diffusion terms at these temperatures. Comparison between 
optical data and specific heat data supports our model of spectral diffusion. 

I. INTRODUCTION 

Over the last few years, many studies of hole burning in 
optical transitions in molecules embedded in glassy materi
als at low temperature have been done. The widths of the 
hole have been empirically found to vary with temperature 
as Ta, where a lies between 1 and 2. 1-20 A large amount of 
theoretical work has been done attempting to explain this 
behavior, all of which suggests the involvement of low fre
quency two level systems (TLS), which had previously been 
invoked in order to explain the anomalous low temperature 
(T < 1 K) specific heat and thermal conductivity data.21.22 

Depending on various theoretical assumptions about the 
coupling of the optical center to the TLS, different values of 
a have been found theoretically. Some authors suggest that 
the linewidth is due to phonon-TLS scattering dominated by 
electrostatic couplingl9,23-30 and some suggest it is due to 
elastic (strain induced) spectral diffusion. 31-35 Finally, oth
ers36,37 have suggested that librational (local) modes are re
sponsible for the dephasing and linewidths. 

Recently, Walsh et af.38 have performed photon echo 
experiments in conjunction with nonphotochemical hole 
burning experiments and have raised the question whether 
hole burning experiments do, in fact, yield the homogeneous 
linewidth. Since a hole burning experiment takes place on a 
time scale of seconds or longer, processes which are static on 
the time scale of a photon echo experiment may contribute to 
the hole width and can be seen in the thermal cycling experi
ments presented here. The spectral diffusion is due to the 
flipping of two level systems (TLS) found in glasses. Some of 
these TLS have flip rates (relaxation times) fast compared 
to the lifetime of the excited state and will thus contribute to 
the homogeneous linewidth (or dephasing time). Other TLS 
will have flip rates slow compared to this lifetime and may 
therefore contribute to the holewidth but not to the dephas
ing time.39 Thus, a comparison among experiments which 
probe different time scales will yield important information 
about the distribution of relaxation times. These authors38 

have also reiterated the notion that more than one mecha
nism may be operative in the homogeneous dephasing of 
impurity molecules in amorphous matrices. 

In addition to the work on optical hole burning and pho
ton echoes, there have been efforts to understand the specific 
heat of these amorphous materials at low T. Above 1 K, the 
specific heats of the polymer hosts we study can only be 
explained with the Debye theory with the additional contri
bution of low frequency local modes.3

9-41 Below 1 K, these 
specific heats are explained by a TLS contribution (linear in 
T) augmented to a T3 contribution42

,43; however, it has been 
noted that the coefficient of the T3 is larger than the Debye 
coefficient in general, suggesting that other modes may also 
playa role. 

In the present work, we study the hole burning 
linewidths in two types of experiments. One is a straightfor
ward measurement of the linewidth of the hole as a function 
of temperature. The second is a thermal cycling experiment 
which allows us to find the contribution of spectral diffusion 
processes to the linewidth. We find from this combination of 
experiments that spectral diffusion gives a contribution lin
ear in temperature, and that the holewidth can be under
stood completely as a sum of this spectral diffusion term and 
a term from the local phonon modes. Thus, both the specific 
heat data and the optical hole burning data can be under
stood as a sum ofTLS and vibrational contributions as long 
as local modes are included consistently. 

The paper is laid out as follows. In Sec. II, the experi
mental result for the hole widths as a function of Tis present
ed and analyzed in terms of two contributions, one due to the 
local phonon terms and one due to spectral diffusion. The 
analysis of the thermal cycling experiments shows that the 
irreversible line broadening in those experiments is due to 
the same spectral diffusion effects that cause the line broad
ening in the simple hole burning experiment. In Sec. III, the 
theoretical fits for the holewidths and for the specific heats 
are shown to be consistent with one another. In Sec. IV, we 
conclude with a discussion of these results. 

II. EXPERIMENTAL RESULTS 

The general background for photochemical hole burn
ing is well described in recent review articles,44--46 where it is 
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shown that this technique is a promising tool for studying 
optical relaxation processes in glasses. In the present article, 
we focus on the interconnections among linewidths as deter
mined by photochemical hole burning, specific heat mea
surements, and irreversible processes in glasses. In this sec
tion we present data on these three for the system free base 
phthalocyanine amorphous phases of the polymers polysty
rene (PS), polymethylmethacrylate (PMMA), and poly
ethylene (PE) as hosts. In Sec. II A below, we present hole 
burning linewidths as a function of temperature from 0.5 to 
25 K, a substantially wider range than measured previous
ly.46 The holewidths were measured via optical absorption 
spectroscopy using a stabilized dye laser in a low intensity 
scanning mode (typically 1-10 nW/cm2

). The holes were 
burnt with the same laser at a fixed frequency and with typi
cal laser powers of 1 f.LW Icm2

• In Sec. II B we present ther
mal cycling measurements, preliminary results of which 
were also presented in Refs. 46 and 17. In the present paper 
we present a much more complete set of measurements of 
this phenomenon. By this technique, we probe irreversible 
processes occurring in the polymer glass. 

A. Total hole linewidth as a function of temperature 

When a photochemical hole is burned in the H2Pc ab
sorption line at different temperatures, we find that the 
holewidth as a function of temperature can be fit as a sum of 
two terms: 

reT) = r 1(T) + r 2 (T), 

where 

r 1(T) =KSD'T 

and 
N, 

(1) 

(2) 

r 2(T)=KLP Ln(wj)[n(wj)+l]'wj, (3) 
;=1 

with n (w) = e - {30l (1 - e - (3OJ) - 1. These forms follow from 
our theoretical analysis, presented in Sec. III; however, a 
simple explanation can be presented here. The term r I ( T) 
comes from spectral diffusion processes which take place 
due to two level system (TLS) flips. That is, TLS flips cause 
a small change in the excitation energy of the chromophore 
and since these flips are random and due to the thermal fluc
tuations in the sample, this leads to a linewidth depending on 
temperature. The linear dependence comes from using the 
standard low temperature model, assuming that the density 
ofTLS states is constant at low energy. 21.22 Although this is a 
question of current debate, at the present time this is still the 
simplest assumption (i.e., with the smallest number of adjus
table parameters) . 

Since hole burning is a "slow" experiment in which the 
photochemical changes are accumulated over a time 'Tc of 
order seconds to minutes, all pseudospin (TLS) flips occur
ring in a time t < 'Tc will contribute to the linewidth. The 
linewidth will also contain contributions from processes oc
curring on a time scale t<,.T1 (~'Tc) which are usually called 
homogeneous line broadening processes. Only a careful 
comparison between photon echo experiments38 with hole 
burning experiments will allow a final discrimination be-

tween homogeneous and inhomogeneous contributions. 
When the photon echo experiments yield dephasing times 
corresponding to considerably smaller homogeneous 
linewidths than seen in hole burning, the slow process dis
cussed in this paper will dominate the holewidth. At the 
present time, there is not enough experimental data to give a 
definitive answer to what the relative magnitudes of the fast 
(homogeneous) and the slow (inhomogeneous) contribu
tions to the holewidth. 

The term r 2 (T) comes from assuming that the domi
nant dephasing process due to phonons is a Raman process 
associated with low frequency local modes.47 Dephasing of 
optical transitions in crystals at low T is often dominated by 
Raman processes [which yield a T7 dependence for acoustic 
modes and a temperature dependence as given in Eq. (3) for 
low frequency Einstein-like optical modes].44 We assume 
the same is true in glasses. Recent arguments by Meissner et 
al.48 suggest that locallibrational modes play an important 
role in the thermodynamics and dynamics of certain orienta
tional glasses as well. In Sec. III, the precise form of r 2 (T) is 
discussed in full. 

Note that we have assumed that NI different local 
modes contribute to r 2 ( T). In addition to the frequencies of 
these modes, we have two other parameters, KSD and KLP ' 

which brings the total number of parameters to NI + 2. 
However, the frequencies of the local modes can be found 
from an analysis of the specific heat data49 of Reese. These 
frequencies are given in Table I. We use these frequencies to 
fit r 2 (T) except for one change: in the case of PMMA, we 
changed the lowest frequency mode from 5 to 2 cm -I. This 
makes almost no difference to the fit of the specific heat since 
this mode has such a small density49; however, it allows us to 
fit the linewidth data quite well. Thus we have finally, at 
most, three adjustable parameters in the linewidth fit: KLP ' 

K SD ' and one Wj in PMMA. 
In addition to local modes of the host, there can be con

tributions from local modes of the guest embedded in the 
host, e.g., librational modes. In the interest of keeping the 
number of adjustable parameters small, we have not includ
ed this contribution; note however that the form of r 2 will 
not change if these are included. 

Figure I (a) shows the fit for the holewidths as a func
tion of T for PE. This is the most reliable fit since the linear 
part (KSD T) and the local mode part can be fit almost inde
pendently from one another. Note that below 3 K the spec
tral diffusion part of r (T) dominates. Figure 1 (b) shows 

TABLE I. Cycling experiments. 

Totallinewidth measurements 

H2Pein: PE PMMA PS 
K (10-3 em-I) 0.8 ± 0.3 8.5 ± 1 21 ± 0.5 

UT K 

KSD( 10-3 e:- ' ) 0.7 4.5 10 

K LP (10- 2 ) 1.38 0.54 1.66 
w,(em- l ) 16 2(5) 3.5 
w2(cm-') 12 9 
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FIG. 1. Fit of total holewidth as a function of burn temperature with spec
tral diffusion (r so ) and local phonon (r /p ) contributions. (a) H2Pc in PE; 
(b) H2Pc in PMMA; and (c) H2Pc in PS. 

the fit for PMMA; here r SD (n dominates below 1 K. Fin
ally, Fig. 1 (c) shows the data for PS which are not as com
plete as the other two (since it spans only a decade in n; 
however, the fit is still reasonably good. 

We give the constants KLP and KSD for the three sys
tems in Table I. Note that although KLP shows little vari
ation for the three, KSD varies by a factor of 15. In Sec. II B, 
we discuss an irreversible part of the linewidth revealed by 
thermal cyclingl7 and find a similar variation as a function of 
the host polymer. 

B. Irreversible linewidth effects; cycling experiments 

Ifwe burn a photochemical hole at TI and then warm up 
the sample to T2, the linewidth of the hole increases. If we 
now return the sample to TI , we find that the linewidth is still 
larger than it was originally (see Fig. 2). The irreversible 
broadening phenomenon occurs during thefirst experimen
tal cycle. A second cycle with the same temperature limits 
does not lead to additional line broadening, suggesting that 
the observed spectral diffusion processes follow the tempera
ture change closely. This increase must be due to irreversible 
processes which occur in the thermal cycling process. We 
note a remarkable finding I7

.46
: the increase in the linewidth 

arIRR at TI due to a cycle to T2 and back is given by 

arIRR = KIRR (T2 - T I ) 

with KIRR independent of T J and T2 for a given system. This 
is illustrated in Figs. 3(a), 3(b), and 3(c) for temperature 
TI between 4 and 25 K for the three systems (PS, PE, and 
PMMA). The slopes of these plots giveKIRR which are list· 
ed in Table I along with the standard deviation. The largest 
scatter in the experimental data is in the case of PE; this is 
due to the small value of arIRR which are on the order of 
10-3 cm- I • 

To understand the meaning of the ArIRR values, one 
has to recollect the origin of the hole burning linewidth. Hole 
burning can be looked upon as a "tandem two photon" ex
periment. The first photon performs the photochemistry, 
leading to a change in the site distribution of the involved 
photoactive molecules. The second photon monitors the 
linewidth of the site population via absorption or emission 
spectroscopy (usually at lower light intensity in order to 
prevent further photochemistry). The total hole linewidth is 
therefore given by a convolution of a site population function 
8N'T'(w') and a linewidth functiong(w - w') (see, e.g., Ref. 
46). 

T, T2 T3 T. T 

FIG. 2. Schematic description of thermal cycling hole burning experiment. 
r is holewidth, ~rirr is the increase in holewidth for a temperature excur
sion of ~T. 
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FIG. 3. Irreversible part oflinewidth increase for (a) H2Pc in polystyrene; 
(b) H2Pc in PMMA; and (c) H2Pc in polyethylene. 

L T(W) = J: .. oNT(w)g(w - w') dw'. (4) 

oNT is the change in the inhomogeneous line profile N(w) 
due to the hole burning process; r labels the state of the 
photochemical reaction, as controlled by the irradiation 
time r. g(w - w') is usually the "homogenous" line shape of 
the investigated transition, as given by the pertinent ("longi
tudinal" and "transverse") relaxation times. The term ho
mogeneous is written in quotation marks becauseg(w - w') 
also contains contributions to the linewidths which are due 
to spectral diffusion. It has been pointed out that oNT(w') 
behaves like a "photochemical fingerprint" in the frequency 

domain, which monitors slow matrix changes which occur 
after the initial photochemistry. It has therefore been also 
referred to as the "site memory function.,,17.46 If, for in
stance, after laser photochemistry a tunneling process of 
some kind changes the local site energies, oN T will change 
accordingly. 

To a first approximation oN T monitors slow relaxation 
processes leading to changes in the site energy. If spectral 
diffusion does occur to a measurable extent, the real 
linewidth can change as a function of time driven by time 
dependent changes of oNT.17 The line shapes which can be 
expected after a temperature-induced spectral diffusion has 
occurred have been analyzed in previous papers39.50.51; it was 
concluded that if the oN T changes are governed by a diffu
sion process, a Gaussian linewidth contribution would be 
expected, yielding a total line shape with a Voigt profile. 

Let us now discuss how we can understand the irrevers
ible changes in linewidth as have been measured by thermal 
cycling for various polymers. If a linewidth does not return 
to its original value after a temperature cycle, it means, as 
one can see by inspecting Eq. (4), that oN T has changed 
irreversibly.g(w - w') is a reversible function and does, to a 
very good approximation, not depend on the sample history . 
This can be verified experimentally: if one bums a new hole 
very near the original hole after the temperature cycle, it will 
have the line shape of the original hole before the cycle and, 
thus, have a line shape different from the "cycled hole." This 
can be taken as direct evidence for the fact that oN T (w') has 
a "memory" as far as the sample history is concerned and 
g(w - w') does not. 

In order to understand the structure of the oNT(w'), 
one has to introduce the concept of spectral diffusion. Let us 
therefore assume that the form of oNT(w') is given by two 
different contributions: the dynamical line shapeg(w') and a 
contribution which is due to spectral diffusion, i.e., to an 
uncertainty in the site energies which develops within the 
time interval r a of the experiment (r a < 5 min). The contri
bution of g(w') is due to the burning of molecules whose 
optical line shape overlaps the laser frequency.46 The uncer
tainty in site energy could be due to the fact that certain 
tunneling states of the guest-host system are, at the tempera
ture of the experiment, in thermal eqUilibrium, thus leading 
to adiabatic changes of the involved transition frequencies 
within the inhomogeneous band. By adiabatic changes we 
mean changes which are in general slower than the typical 
dynamical scattering times (i.e., the longitudinal and trans
verse relaxation times). With this assumption the line shape 
function oN T (w') of Eq. (4) can be written as 

J
+ 00 

oNT(w') = A (r) _ 00 g(w" )S(w' - w") dw", (5) 

where A (r) is a parameter which describes the photochemi
cal progression of the hole burning event (for details see Ref. 
46) and S(w - w') is a normalized function describing the 
uncertainty in the site distribution due to the adiabatic 
changes of the tunneling systems coupling to the optical 
transition. Now we assume that the number of sites which 
contribute to the spectral diffusion process is a function of 
temperature and, therefore, the kernel of the above convolu-
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tion integral S is a function of temperature. At higher tem
peratures more tunneling centers will be in thermal equilibri
um and, hence, the inhomogeneous contributions in Eq. (5) 
will increase. Therefore, Eq. (5) will not only depend on the 
temperature T through the temperature dependence of 
g(m") (as given by the temperature dependence of the perti
nent relaxation times), but it will also depend on the tem
perature excursion aT and therefore we have to rewrite Eq. 
( 5) as follows: 

8NT(m',T,aT) =A(r) f-+",'" g(m",T) 

XS{m' -m",T,aT}dm". (6) 

Having derived Eq. (6), we can now describe our experi
ments in a more quantitative fashion. The photochemical 
hole is given by a convolution of 8NT(m',T,aT) with the 
homogeneous dynamic linewidthg(m - m') as described in 
Eq. (4). If we neglect, for the moment, all irreversible spec
tral diffusion processes, then S(m' - mil) can be replaced by 
a 8 function and Eq. (4) yields an autocorrelation integral of 
g(m) with itself and, thus the totallinewidth is twice the 
homogeneous linewidth [if we assume a Lorentzian line 
shape for g(m)46]. If one now allows spectral diffusion to 
occur, the holewidth is a more complex quantity and, hence, 
the easiest experiment is a difference experiment. One bums 
a photochemical hole at a temperature T, then makes a ther
mal cycle from T to T + aT and returns to the original tem
perature (as shown in Fig. 1). With zero spectral diffusion 
one should return to the originallinewidth and line shape. 
With nonzero spectral diffusion the difference in linewidth is 
solely due to the function S(m' - m",T,aT) since all other 
parameters do not depend on aT, but solely on T (which is 
kept constant by our method of returning to the original 
temperature). Ifwe perform our temperature cycle on a time 
scale between 20 and 60 min, the time scale of our experi
ment does not enter into the experimental results. 

From our experimental data (Fig. 3), we come to the 
conclusion that S{m' - mil ,T,aT} varies in a linear fashion 
with aTand can be described with one proportionality con
stant in the temperature regime 4 < T < 25 K independent 0/ 
the burning temperature. For simplicity we have assumed a 
Lorentzian line shape for S so that the linewidths are addi
tive. 

If we denote the change in the width of S by M, we can 
summarize our experimental results as follows [see also 
Figs. 3(a), 3(b), and 3(c)]: 

(7) 

Note, as emphasized before, the above expression does not 
depend on the bum temperature. The constant KIRR is the 
parameter determining the slope of the temperature induced 
irreversible spectral diffusion as measured experimentally. It 
varies from PE to PMMA to PS by about a factor of 26 (see 
Table I). Before going into a tentative interpretation of the 
origin of M(aT) we would like to comment on the under
standing of the line shape of photochemical holes from our 
viewpoint. Equation (6) assumes that the site memory func
tion 8NT(m',T,aT) has a dynamic part g(m",T) which re
flects the relaxation times as well as the reversible spectral 

diffusion processes. It also has an "inhomogeneous" part 
which is given by an adiabatic dynamical site redistribution. 
In an experiment in which a hole is burnt and measured at 
each temperature this inhomogeneous contribution to the 
linewidth does not show up experimentally. It only shows up 
in T - aT experiments in which thermal cycles are per
formed. If we take our data for PS, where the largest 
linewidth contribution is observed, we see from Figs. 4(a) 
and 4(b), which shows the cycling curve for 4 and 10 K, 
respectively, that the reversible linewidth contributions of 
g (m II ,T) are in fact generally larger than the irreversible con
tributions. However, the latter do contribute to the total 
linewidth in a measurable fashion, and are therefore present 
at all temperatures. This is particularly important for low 
temperatures. 

III. THEORY 

A. Totallinewldth 

As we pointed out above, the totallinewidth in the ab
sence 0/ thermal cycling is written asS2 

r=rSD +rLP ' (8) 

2.5 

2.0 
,........, ..-

1.5 I 

E 
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FIG. 4. Hole burning ofH2Pc in polystyrene: (a) Bum temperature = 4 K. 
Full circles are total bolewidth as a function of T. Open circles are irrevers
ible part of width (r;n4n from cycling (b). Same as (a) for a bum tem
perature of 10 K. 
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where r so is the term due to the TLS and which we suggest, 
following Black and Halperins3,s4 and Huber et al.,34 is due 
to spectral diffusion via TLS flips. This model leads to a low 
temperature width which is linear in T (Le., rso = KsoT), 
based on the standard model that the density ofTLS states is 
constant at low T. We assume that the apparent T1.3 found 
in many organic hostsS2 is due to a combination of mecha
nisms, as we have outlined here, and which has been seen in 
recent photon echo experiments.38 

The phonon contribution to the linewidth r ph is made 
up of two terms: The well-known one from acoustic phonon 
interaction which at low Tvaries as T7 and can be neglected, 
and another term from local phonon interactions, which we 
label r LP • Assuming as usual that the interaction term in the 
Hamiltonian is quadratic in local phonon variables, the opti
cal transition is dephased by creation of one local phonon 
and destruction of another. 

The contribution of each band oflocal modes to the pure 
dephasing of the optical transition depends on the frequency 
of that mode W; and the coupling constant g; (Le., the coeffi
cient of the quadratic phonon term of the Hamiltonian). In 
the usual second order perturbation theory calculation, the 
contribution to the width due to one narrow band of local 
modes will then be proportional to 

N;g7n(w;) [new;) + 1], (9) 

where Nj is the number of modes of Wj in this band, and n (w) 
is the Bose distribution function. The contribution due to all 
local modes will then be 

N/ 
LN;g7n(wj) [n(w;) + 1], (10) 

j 

where NI is the number of local phonon bands. The factor 
N;g7 has the dimension of energy, but is otherwise unknown. 
We therefore assume it to be of the form 

(11 ) 

where k; is now a dimensionless parameter. Thus, we have 
finally 

N/ 
r LP = L k;w;n(wj)[n(w;) + 1]. (12) 

;=1 

For simplicity, since we consider at most two such bands in 
any host and to keep the number of parameters small, we 
take k; = Kip, for all i, to find 

r LP = Kip Lw;n(w;)[n(w;) + 1], 
; 

( 13) 

in agreement with Eq. (3). Thus we find, at low T, the total 
linewidth is given by 

(

-Po>. ) 
r = KsoT+Klp ~Wj e -~i 2 • 

I (1-e ) 
(14) 

As pointed out above, this formula can be used to fit the 
experimental measured linewidths. The local mode frequen
cies are taken from those used to fit the specific heat from 
1 < T < 20/9-41 and since for T above -10 K, the local 
phonon contribution dominates the linewidth, the linewidth 
and specific heat data are consistent in the sense that the 
same local mode parameters have been used to fit both sets of 
data. 

B. Excess linewldth due to thermal cycling 

Consider a hole burned at a temperature T 1• As we saw 
above, the width of this hole has a contribution from local 
phonon modes and a contribution from spectral diffusion. 
These spectral diffusion processes take place on a time scale 
long compared to the relaxation times, but short compared 
to the experimentally relevant times of burning and measur
ing. We now construct an argument to find the maximum 
increase in linewidth due to thermal cycling based on these 
ideas. Denote the spectral diffusion width at TJ by r J and the 
spectral diffusion width of a hole burned at T2 by r 2' That is, 
at TJ molecules can undergo changes in transition frequency 
on the order of r J, and, similarly, at T2 molecules undergo 
changes on the order r 2' When a hole is burned at T1, a set of 
molecules is marked; this set spans a transition frequency 
range ofr l . For estimating the maximum frequency span, 
the only consideration on the full range of frequencies at T2 
for all the marked molecules, is that this range must also 
contain the range of possible frequencies at TI (see Fig. 5). 
Thus, the maximum range of frequencies at T2 due to spec
tral diffusion alone is 2r 2 - r I' When the sample is returned 
to T1, each molecule has a spectral diffusion range of r I; 
however, some molecules will have been frozen into frequen
cies spanning the range 2r 2 - r 1 and thus the maximum 

T, 

A 

-ra---· 
-ara -r. 

T, 

• 

FIG. 5. Maximum (a) and minimum (b) Iinewidth as given by spectral 
diffusion. r I is the frequency spread at T2 (see the text). 

J. Chern. Phys., Vol. 88, No.2, 15 January 1988 

Downloaded 21 Oct 2012 to 18.111.99.30. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



Schulte et al.: Photochemical hole burning 685 

increase in linewidth due to thermal cycling is 2(r2 - r l ) 
(Fig. 5). 

This argument is based on the most asymmetric possible 
spectral diffusion as illustrated by the rectangular distribu
tions exhibited in Fig. 5 (a). If we take the least asymmetric 
possible spectral diffusion distributions [see Fig. 5 (b) ], the 
increase in the linewidth due to thermal cycling is r 2 - r I' 

Therefore, we expect the irreversible linewidth increase 
on cycling from TI to T2 will obey the following inequality: 

2[rSD (T2) - r SD (T1)] >arIRR>rSD (T2) - r SD (T1 ), 

(15) 

or since r SD and ar IRR are both found experimentally to be 
linear in T: 

(16) 

IV. CONCLUSIONS AND OUTLOOK 

We have now arrived at a model in which both the spe
cific heat data above I K, the hole burning experiments and 
the thermal cycling experiments, are consistently described. 
That is, the local phonon modes whiCh contribute to the 
specific heae9 are used to interpret the phonon broadening 
of the observed optical linewidths. The TLS, which are 
thought to be responsible for the term in the specific heat 
which is linear in temperature, are invoked to explain the 
linear dependencies of the linewidths via a spectral diffusion 
mechanism has been shown to contribute to both the 
straightforward hole burning linewidths as well as the irre
versible linewidth changes as measured by thermal cycling 
experiments. Spectral diffusion in our model is caused by 
TLS flips; those which are fast compared to the lifetime will 
contribute to the dephasing time, while those which are slow 
will not. Both sets will contribute to the holewidth and this 
contribution is linear in T, according to the standard mod
e1.54 Thermal cycling experiments will allow irreversible 
holewidth increases because the range of frequency shifts via 
spectral diffusion is linear in temperature. Although our 
theoretical model for the latter experiments is only semi
quantitative, it predicts that the linear coefficient of the irre
versible linewidth changes is within a factor of 2 equal to the 
linear coefficient of the holewidth as measured by conven
tional optical hole burning spectroscopy. This prediction is 
borne out nicely by our measurements as shown in Table I. 

In addition to this, we expect that, since the TLS which 
are responsible for the spectral diffusion part of the 
linewidth are also involved in the specific heat, the linear 
coefficient in specific heats55 (CTLS below 1 K) ought to 
scale approximately with our optically determined linear co
efficients KSD and K1RR . This approximate correlation is ex
hibited in Table II. Note that the trend from PE through 
PMMA to PS is the same for CTLS and KSD and K1RR , re
spectively, although the numerical values do not scale exact
ly. Since the specific heat data refer to temperatures below 1 
K, whereas the major part of the optical data is taken well 
above 1 K, we regard the trends as significant. It should be 
emphasized, in addition, that the present thermal cycling 
experiments are a simple and direct way to examine the lin-

TABLE II. Specific heat and linewidth parameters. 

( erg ) 
CTI.s crn' K2 

K (10-3 crn-
I
) 

.rr K 

K (10-' crn-
I
) 

so K 

C ( erg ) 
2 crn' K4 

C ( erg ) 
D crn' K4 

• Reference 41. 
b Reference 42. 

PE 

9.94 

0.8 

0.7 

143 

129 

PMMA PS 

41 50.5 Stephens' 
Finlayson et al. b 

8.5 21 This paper 
see also Table I 

4.5 10 This paper 
see also Table I 

250 435 Stephens' 
Finlayson et al. b 

155 242 Computed 
in the Debye 
approximation 
from acoustic data 

earTLS contributions above 1 K which occur on a slow time 
scale. 

More experiments are needed. Both thermal and optical 
measurements on a variety of systems are necessary to see 
whether this model can be made more quantitative and to see 
whether the optically determined parameters can be corre
lated with macroscopic thermodynamic materials proper
ties. 
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