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The two-level-system (TLS) model of glasses is used with nonphenomenological TLS distribution func-
tions [R. Jankowiak et ai. , J. Phys. Chem. 90, 3896 (1986)] to account for the time-dependent spectral-
diffusion data for cresyl violet and zinc porphin in ethanol glasses at low temperatures [K. A. Littau and
M. D. Fayer, Chem. Phys. Lett. 176, 551 (1991);H. C. Meijers and D. A. Wiersma, Phys. Rev. Lett. 68,
381 (1992)]. The two distributions of faster and slower TLS relaxation rates required to fit the data are
characterized for both weak and strong TLS-phonon coupling. Comparison of the values obtained for
the TLS parameters with those determined earlier for specific heat, thermal conductivity, pure dephas-

ing, and spontaneous filling of nonphotochemical holes establishes that the faster and slower distribu-
tions are associated with intrinsic and extrinsic TLS. The pronounced effects of strong coupling on the
TLS relaxation-rate distributions are discussed.

I. INTRODUCTION

That the widths of the zero-phonon lines (ZPL) of im-
purity molecules and R + ions imbedded in amorphous
hosts are anomalous in their magnitude and temperature
dependence for T~ 10 K has been known since the late
1970's (for recent reviews see Refs. 1 —7). Initially, per-
sistent nonphotochemical hole burning ' (NPHB) ' was
used to probe the T dependence of the ZPL profile in or-
ganic systems. Earlier, a mechanism for NPHB had
been proposed that is based on phonon-assisted tunneling
of a static distribution of two-level systems (TLS) inti-
mately associated with the impurity. These TLS's are
now referred to as extrinsic, TLS„,. Shortly thereafter, it
was proposed that the anomalously large optical
linewidths of impurity molecules, with their near linear
dependence on temperature, were a manifestation of the
interaction between the impurity and a different, faster
relaxing type of TLS, now recognized to be intrinsic to
the glass host, TLS;„,. The same conclusion was indepen-
dently reached for R + ions in inorganic glasses. '

Theories of pure dephasing from impurity TLS;„, cou-
pling, in which the off-diagonal ' ' or diago-
nal' "" ' modulation terms of the impurity TLS in-
teraction Hamiltonian were considered, rapidly emerged.
Until 1986,' ' theories were guided by the phenomeno-
logical TLS distribution function of Anderson, Halperin,
and Varma and Phillips; namely, P(b, , A, )=const for

A, ~A, „and 6;„~h~h „and zero otherwise.
Here A, and 6 are the TLS tunnel and asymmetry param-
eters. The tunnel state splitting is E=(b, + W )'
where the tunneling frequency &=coo exp( —k) and too 1s

the average harmonic frequency of the two wells of the
TLS. The above distribution function leads to a density
of states p(E) —const. Utilization of phenomenological
distribution functions in dephasing theories for averaging
over the TLS interacting with the impurity necessitates
assumptions' ' ' beyond that of an absence of correla-

tion between 6 and A, . The dephasing theories have also
taken the TLS-phonon interaction to be weak.

Thermal-cycling-hole-burning experiments had proven
early on that ' broadening of the zero-phonon hole
(ZPH) occurs by spectral diffusion induced by slow
thermally assisted, irreversible glass relaxation processes
with the impurity in its ground state. However, it has
only been recently ' that the question of the contri-
bution of spectral diffusion to persistent nonphotochemi-
cal, photochemical, and transient population bottleneck
ZPH's produced under normal protocol has been actively
pursued. By normal it is meant that the burn and read
temperatures ( Ttt, Ttt ) are the same. In the thermal-cycle
experiment the hole is burned and read at T~, the sample
temperature raised to T) T~, then lowered to T~ and the
hole read again. The resulting partial thermal annealing
of the hole is accompanied by broadening. ' ' Given the
result from thermal cycling, that the longitudinal relaxa-
tion time (r, ) of the typical probe molecule is short, a few

ns, and the time dependence of the specific heat, it
would be reasonable to expect a contribution to the ZPH
width from spectral diffusion when the waiting and read-
ing times (t~, tR ) are long. In a series of beautiful two-
pulse photon echo and NPHB experiments with resorufin
and cresyl violet in alcohol (ethanol, glycerol) glasses
Fayer and co-workers ' ' ' ' determined that the
homogeneous width of the ZPL determined by photon
echo is substantially narrower ( —X6) than that deter-
mined by NPHB for T ~ 8 K. They ascribed the
difference to spectral diffusion. Although later NPHB
experiments on the same systems by Volker and co-
workers ' ' led to some controversy concerning the
magnitude and temperature dependence of the spectral
diffusion reported by Fayer and co-workers, very recent
two-pulse photon echo and fast ( 2 10 ps) hole-burning
experiments by Littau and Fayer and Littau et al.
on cresyl violet in ethanol glass, stimulated photon echo
experiments by Meijers and Wiersma on zinc porphin in
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ethanol glass, and fast population bottleneck hole-
burning experiments on bacteriochlorophyll-a in triethy-
lamine and ethanol glasses by Wannemacher et al. have
further established that spectral diffusion does occur in
organic systems on a time scale ranging from several
nanoseconds to minutes (see also Refs. 28 and 40). In ad-
dition, the single-molecule experiments of Basche and
Moerner ' on perylene in amorphous poly(ethylene) have
revealed intriguing optica1 transition frequency excur-
sions of single molecules on a long-time scale.

In this paper we investigate the time-dependent spec-
tral diffusion data of Littau and Fayer and Meijers and
Wiersma within the framework of weak and strong
TLS-phonon coupling. To this end, the nonphenomeno-
logical TLS distribution functions of Jankowiak, Small,
and Athreya' (JSA) are utilized. The time-dependent
hole-burning data of Littau and Fayer extend from —10
p, s to 1000 s and indicate there are two (faster and slower
relaxing) TLS distributions that contribute to the spectral
diffusion. The same would appear to be true from the
stimulated photon echo data of Meijers and Wiersma.
We had shown earlier that the log-normal distribution
for the slower relaxation rates used by Littau and Fayer
follows from the JSA distribution function for k, vide in-
fra. Furthermore, it was noted, in passing, that the pa-
rameter values required to fit the data are similar to those
used to describe spontaneous filling of nonphotochemical
holes. NPHB and spontaneous hole filling are associat-
ed with the TLS„,. With the temporally extended data
sets one is better able to assess this connection, to deter-
mine whether a log-normal distribution for the faster re-
laxing TLS is also appropriate and, if so, whether the pa-
rameter values for this distribution correspond to those
for the TLS;„, connected with pure dephasing and other
observables. Of particular interest to us was the effect of
strong TLS phonon coupling on spectral diffusion.

II. RESULTS AND DISCUSSIQN

A description of spectral diffusion requires distribution
functions for the TLS relaxation rates. For weak TLS
phonon coupling the rate for the kth TLS is

R wc = 3 Wk Ek coth(Ek /2k T ),
where 3 depends on the square of the TLS deformation
potentials. Very recently Kassner and Silbey (see also
Refs. 45 and 46) have reemphasized that the common as-
sumption of weak coupling is questionable on the basis of
existing experimental data. Using methods from pola-
ron theory, they treated the problem of phonons dressed
with TLS and concluded that, to a good approximation,
the relaxation rate for strong coupling is

where cr =2cri, RO=Qoexp( —2AO), with Ao the mean
value of g, and GO=no. Littau and Fayer found that
their spectral diffusion data for t +1 ms were well ex-
plained in terms of the above distribution function.

To obtain the distribution function for strong coupling,
P(R )sc, it is convenient to write

Rsc exp[ —CA + lnRwc] = exp(y ), (4)

where C =G /E . We define f(y ) as the distribution
function for y (y = lnR sc ) and note that plotting f (y ) vs

y is equivalent to plotting P(R )scRsc vs lnRsc. There-
fore, we need only determine f(y ) which is the convolu-
tion of the distribution functions for lnR~c and Ch, g,
and h, respectively. Therefore, we can write

f(y)= I dt g(y+t)h(t) .
0

Since the distribution function for 5 is a Gaussian with
variance o t„ it follows that (for b,o=0)

tion rates, i.e., P(R )sc should have an extended tail for
such rates. We note that the unitary transformation em-
ployed by Kassner and Silbey only includes the diagonal
part of the TLS-phonon interaction.

Given Eqs. (1) and (2) one needs suitable distribution
functions for the TLS parameters 8'and A. Phenomeno-
logical functions such as those discussed earlier and oth-
ers reviewed in Ref. 16, which do not have a firm physical
basis, are of little use because, as already mentioned, they
necessitate additional and dificult to justify assumptions
for ensemble averaging. We use, therefore, the distribu-
tion functions of JSA (Ref. 19) which are based on the
physically reasonable assumptions that the functions for
5 and k are normal Gaussians with mean values 60 and
A,o and variances o.z and o.&. With the additional assump-
tion that 6 and A, are uncorrelated, distribution functions
for W and 6 obtain easily. ' These distribution func-
tions have been used to explain the T dependencies of
pure dephasing ' ' and thermal conductivity, the time
dependence of specific heat, the dispersive kinetics of
NPHB and spontaneous hole filling, ' ' and to calculate
p(E) for TLS;„,. Nevertheless, they have not been wide-

ly adopted and so we take this opportunity to emphasize
again that they provide for a systematic description of a
wide variety of physical properties of glasses at low tem-
peratures in terms of the standard tunnel model.

The distribution function for 8' leads to a log-normal
distribution for P(R )wc,

"

P(R )wcR wc = (o.V'2m )
' exp —

[ I ln(R /Ro ) ] /2cr ],
(3)

R sc exp[ G(~k /Ek ) ]R wc (2) h(t)=(v'2~Ccr~) 't '~ exp[ t/2o& ]C. —

for temperatures below several K. Here G is a function
of the TLS deformation potentials from which they esti-
mate 6 —175 for organic glasses. One anticipates from
Eq. (2) that the main effect of strong coupling will be to
produce a distribution of relaxation rates, P(R )sc, that is
significantly diff'erent from P(R )wc for the slower relaxa-

The distribution function for InRwc-N(p, cr ) can be
written as

g (y + t ) = (&2rrcr )
' exp [

—[(y + t ) —p] /2o

With Eqs. (3)—(6) and some straightforward algebra one
finds that
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I sD a: fP(R )[1—exp( Rtii, )]dR—, (9)

where P(R ) is the distribution function for the TLS re-
laxation rate [for weak (WC) or strong (SC) TLS-phonon
coupling] and t'ai, is the waiting time. Equation (9) is ob-
tained after spatially averaging over independent TLS. It
is applicable for the case of strong TLS-phonon coupling
when the oF-diagonal terms of this interaction are
neglected as in Ref. 44. Since Eq. (2) stems from this
work we do not consider here the possible complications
from TLS-TLS interactions induced by the off-diagonal
terms. The reader is referred to Refs. 44, 45, and 56 (and
references therein) for detailed discussions of phonon-
induced TLS-TLS interactions. In the stimulated echo
experiment the three pulses are applied at times 0, ~ and
~+t~, i.e., t~=0 corresponds to the two-pulse photon
echo which yields the homogeneous width of the optical
transition (as operationally defined by Fayer and co-
workers). For tii, =0, I sD is zero. Hole burning is the
Fourier transform of the stimulated echo and so the wait-
ing time can be viewed in time-dependent hole burning as
the time of burning and reading of the hole. In the
highest resolution ( —10 ps) time-dependent hole-burning
experiments reported a population bottleneck via the
lowest triplet state has been employed, as in the three-
pulse stimulated echo experiments. ' Equation (9) is
obtained following spatial averaging over the TLS in-
teracting with the chromophore. The interaction, if
dipole-dipole, leads to a Lorentzian hole shape, as is gen-
erally observed. As written, Eq. (9) is applicable to a
given temperature. Elsewhere we will examine the T
dependence of spectral diffusion.

With Eqs. (8) and (9) and noting again that y = lnRsc,
one obtains

I sD(rw)sc f P(y )[1—expI —exp(y )tii, I ]dy
~min

(10)

for strong TLS phonon coupling. The expression used to
calculate I sD(tii, )wc follows directly from Eqs. (3) and
(9). Integrations were performed numerically. Finally,
we emphasize that the shape of the distribution
P(Rsc)Rs& plotted vs log, oRsc is weakly dependent on G
as long as 6 ~ 30. The combined dependence of the dis-

f(y ) =a, exp(a2) exp[13(y ) ]

X f —expI —[t+y(y )] /So~~]
t

with a, =(4mo ioq&C ) ', a2=o i„/2o zC, P(y )
= (y —p) /2o zC, y(y ) =y —p+ 2o i /o ~C, C =G /E,
and p= lnRO. The variance cr is defined following Eq.
(3). For the calculations which follow, E was set equal to
kT of the experiment but we note that, for the large-G
values considered, f(y ), Eq. (8), is insensitive to
significant variations from kT.

Following the work of Hu and Walker, Bai and
Fayer used the four-point correlation function formal-
ism of Mukamel and Mukamel and Loring to derive,
for the spectral diffusion contribution to the optical
linewidth,

tribution of relaxation rates on G and temperature will be
discussed elsewhere.

A. Spectral dift'usion of cresyl violet
in ethanol-d glass at 1.2 K

The data of Littau and Fayer are shown as the crosses
in Fig. 1(A). The crosses correspond to selected points
from their best fit to the data when the excited-state life-
time contribution, I 0=28 MHz, and the pure dephas-
ing contribution (determined by two-pulse photon echo
measurements ) have been subtracted from the observed
holewidths, I „„,. Following the approach of Littau and
Fayer we have fit the data, within the weak TLS-phonon
coupling approximation, with two relaxation rate distri-
butions for spectral difFusion as defined by Eq. (9). The fit
is shown as the dashed curve in Fig. 1(A). The two log-
normal distributions are shown as the long-dashed and
dash-dotted curves in Fig. 1(B). Their resultant is the
short-dashed curve. To be consistent with our earlier
work with the JSA distribution functions, we have used a
value of 00=7.6X10' s ' (40 cm ') in the relaxation
rate expression R =Qo exp( —2A, ) ~ W . The left-most
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FIG. 1. (A) Spectral diffusion contribution (I sD) vs log time

(t~) for cresyl violet in ethanol-d glass at T=1.2 K. Crosses
correspond to the data of Littau and Fayer (Ref. 28), when the
contribution from pure dephasing was subtracted. The dashed
line is the fit obtained with the two distribution functions shown
in (B). The arrow locates the excited-state lifetime {~). I so (for
log»t~=log»w) = 120 MHz (see text for details). (8) Plot of
the relaxation rate distributions P(R ) (weak TLS phonon cou-
pling) for TLS;„, (A0=9.8, o.q=2. 9; the left-most distribution)
and TLS,„t(A,0=16.8, crq=1.4), used to fit the data in (A). The
short-dashed line is the resultant of the two log-normal distribu-
tions.
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log-normal distribution is then characterized by A,O=9. 8
and o.&=2.9 and is responsible for the near linear depen-
dence of I sD on log&ot~ for —7, ~log, ot~~ —3. The
right-most distribution is defined by A, o

= 16.8 and
o&=1.4. The fit in the region of the data points is com-
parable to that of Littau and Payer who invoke a I'(R )

distribution of 1/R (Refs. 28 and 29) for logioR ~ 0.6 and
a log-normal distribution for the slower rates with the re-
sult that there is essentially a forbidden gap in the region
around log&OR =0.6. This gap, which is far less pro-
nounced in the resultant Fig. 1(B), is responsible for the
infIection point of I sD near log, otpr =0.

The arrow in Fig. 1(A) locates the excited-state lifetime
of cresyl violet, at which time the calculated spectral
diffusion is I sD=120 MHz. The tail of the calculated
curve to the left of the arrow in Fig. 1(A) indicates that
spectral diffusion might be observable for 100 ps ~ t~ ~
excited-state lifetime. Interestingly, Narasimhan et al.
have recently obtained three-pulse stimulated photon
echo data for rhodamine 101 in the PMMA polymer at
1.35 K that show a —100-MHz contribution from spec-
tral diffusion to the linewidth at tit, =3.4 ns (excited-state
lifetime). Also of interest is that our results show that the
P(R ) ~ 1/R approximation is poor for short t'ai, 's. This
may be of consequence to the question of nonexponential-
ity of three-pulse stimulated echo decays at short ( ~ life-
time) t'ai, 's. From our studies of the dispersive kinetics
of nonphotochemical hole growth, ' ' it is clear that the
often invoked 1/R distribution (which stems from the
TLS distribution function of Anderson et al. and Phil-
lips, vide supra) is accurate only in the intermediate-time
regime. It is more physically reasonable to use two log-
normal distribution functions to fit the data of Fig. 1(A)
especially if their A,o, o.

& values can be related to those of
other physical properties, cf. discussion at the end of this
section.

Next we examine the consequences of strong TLS-
phonon coupling on spectral diffusion (the effect on pure
dephasing is beyond the scope of this paper). Now the
distribution function for the asymmetry parameter comes
into play, cf. Eqs. (2) and (10). As discussed by Kassner
and Silbey and Kassner, the experimental evidence for
strong coupling for TLS;„, is quite convincing. Later on
we associate the fast and slower distributions of relaxa-
tion rates with the TLS;„, and TLS,„„respectively. Fig-
ure 2(A), the curve c is a fit to the data with the a and b
curves, respectively, the contributions from the faster and
slower relaxing distributions which are shown in Fig.
2(B). The distribution function parameters (oa, cr&,AO),
are (0.20, 2.3, 7.3) and (0.02, 0.82, 16.2), respectively,
where o.&=o.&/Qo and GO=40 cm '. A value of 175
(Ref. [44]) for 6, the TLS phonon coupling parameter,
was used. Comparing the distributions of Figs. 1 and 2
one observes (note different scales) that strong coupling
leads to pronounced tailing to slower relaxation rates and
that it is mainly the tailing of the TLS;„,distribution that
leads to the prediction that spectral diffusion should con-
tinue to times much longer than —10 s. Figures 1 and 2
demonstrate that a comparably good fit to the data could
be obtained with strong and weak coupling for the distri-
butions of faster and slower relaxation rates, respectively.
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FIG. 2. (A) Fit (curve c) to the experimental data of I »

(CxHz) [of Littau and Fayer (Ref. 28)] within the strong TLS
phonon coupling approximation with the faster (TLS;„,; curve
b) and slower (TLS,„,; curve a) distributions of relaxation rate.
The arrow locates the excited-state lifetime. (B) P(R)R vs

log, oR for strong TLS phonon coupling. The distribution func-
tion parameters (oq, u~, k,o) are (0.2, 2.3, 7.3) and (0.02, 0.82,
16.2) for TLS;„, (curve a) and TLS,„, (curve b), respectively.
G=175, Do=0, and Go=7.6X10' s

B. Spectral diftusion of zinc-porphin
in ethanol-d glass at 1.5 K

The three-pulse stimulated photon echo data of Meijers
and Wiersma are shown in Fig. 4(A) as the contribution

Our preliminary calculations indicate that it may be pos-
sible to distinguish between strong and weak coupling on
the basis of the T dependence of the time evolution of
spectral diffusion. (The broader distribution of relaxation
rates produced by strong coupling suggests that the T
dependence for strong coupling should be weaker than
for weak coupling. ) Two further points are that strong
coupling significantly reduces the values of Xo, e.g. , from
9.8 to 7.3 for the distribution of faster relaxation rates,
and reduces the probability for the fastest relaxation rates
[~(lifetime) ']. Our previous studies of specific heat49

and thermal conductivity have led to the finding that
A,o=7 and o.&=3 are appropriate values for TLS;„,. Be-
cause the strong-coupling distribution function for the
TLS relaxation rate is novel, we present in Fig. 3 some re-
sults that illustrate its dependence on cr z and o.&.
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(for strong TLS phonon coupling) plotted as P(R )R vs log]pR
for di8'erent o.z and o.z values. In (A), distribution functions
were obtained for Ap=0 Xp 7 o.q=2. 5, and two o.&=0.02 and
0.2, curves b and a, respectively. The distributions in (8) were
obtained for hp=0, A,p=15, o.~=0.8, and o.&=0.02 and 0.2,
curves b and a, respectively. The TLS phonon coupling param-
eter [6=175 (Ref. 44)] and Qo=7. 6X10' s ' were used for all
calculations.
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FIG. 4. (A) Plot of T2 sD (lifetime and pure dephasing contri-
butions were subtracted) as measured in a stimulated photon
echo experiment vs the logarithm of the waiting time t~. Ex-
perimental data (crosses) are from Meijers and Wiersma (Ref.
38). The short-dashed line is a resultant Gt to the data using re-
laxation rate distribution functions [Eq. (3)] for TLS;„, and

TLS,„, in the weak TLS phonon approximation, with parame-
ters listed in (B). The arrow locates the excited-state lifetime.
(B) P(R)R plotted vs log, oR. For the left (TLS;„,) and right
TLS,„,) distributions (A,p, crz) equals (6.8, 1.8) and (15.4, 1.4), re-

spectively. Qp=7. 6X10' s

from spectral diffusion ( T2 sD to the inverse of the
effective Tz, which is the observable. That is, both the
lifetime (2.1 ns) and pure dephasing contributions have
been subtracted from the data. The inverse of the pure
dephasing time at 1.5 K is -500 MHz. Meijers and
Wiersma have taken the "apparent" plateau between
—10 and 10 s as real [but see Fig. 5 where two data
points (circled X ) are rejected]. Following their sugges-
tion we have fit the data in the weak TLS-phonon cou-
pling limit with the two log-normal distributions shown
in Fig. 4(B). For the left and right distributions, respec-
tively, (Ao, cr&) equ, als (6.8, 1.8) and (15.4, 1.4).

In Fig. 5(A), the dashed curve is the strong TLS-
phonon coupling fit with a single distribution of faster re-
laxation rates to the actual data, guided by a rejection of
the two points (circled X ), obtained with (o t„oz, A.o)
=(0.12, 1.11,4.44). The very extended tailing of P(R )R,
Fig. 5(B), results in a near linear dependence of (T2 )

on log&ot~ between —10 and 10 . The solid arrow in
Fig. 5(A) [also Fig. 4(A)] locates the excited-state lifetime
of zinc-porphin. Comparison of the theoretical fits to

T2 sD indicate that strong coupling reduces the spectral
diffusion at very short waiting times (t~ 1 ns).

C. Characterization of the two-level systems

We have shown that the spectral diffusion data for two
organic systems can be understood (within the confines of
the current model of spectral diffusion) in terms of the
JSA-TLS distribution functions under the assumption of
either weak or strong TLS-phonon coupling. For weak
coupling, log-normal functions for the distributions of the
faster and slower relaxing TLS account well for the data.
This is significant because the JSA distribution functions
have a physical basis. Thus, it is not necessary to utilize
the phenomenological P(R ) ~ 1/R distribution function
which cannot be expected to be sufBciently accurate at
the extremes of the distribution. It has been emphasized
that the JSA functions provide a vehicle for systematic
testing of the standard tunneling model against data from
a wide variety of measurements including specific heat,
thermal conductivity, the gap in the TLS;„, density of
states at very low temperatures, the pure dephasing of
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FIG. 5. (A) T2 SD' plotted vs log~pt~. Experimental data
(crosses), as in Fig. 4(A). The dashed line is the strong TLS pho-
non coupling fit with a single distribution of faster relaxation
rates (see text). (B) P(R ) (for TLS;„,) obtained from the fit in
(A) with (o.z, o.q, Ap) =(0.12, 1.11,4.44) for strong TLS phonon
coupling.

impurity transitions, ' ' NPHB growth kinetics, ' ' and
spontaneous hole filling. ' Spectral diffusion can now be
added to the list. The question is then whether the JSA
distribution function parameter values determined here
for spectral diffusion correlate with those of other physi-
cal properties. We consider first the distribution of
slower relaxation rates, which for cresyl violet in
ethanol-d at 1.2 K and zinc-porphin in ethanol-d at 1.5
K, are characterized by (Ao, o&)=(16.8, 1.4) and
(15.4, 1.4), respectively. The large and relatively small
values of A,o and o.&, respectively, correlate well with
those determined for spontaneous (in the dark) filling of
nonphotochemical holes in three similar systems at com-
parable temperatures. ' ' For example, (A,o, o i )

=(17.6, 1.3) for cresyl violet in a polyvinyl alcohol
[PVOH film at 1.6 K (Ref. 51) and (Ao, o'&)=18, 1.5] for
oxazine 720 in glycerol at 1.6 K. From Refs. 50 and 51
it is clear that, for the efficient NPHB systems, cresyl vio-
let in ethanol and PVOH, and oxazine 720 in glycerol and
PVOH, that the above ko values are far too high to be
correlated with nonphotochemical hole growth (where
A,O-9 —10) which involves phonon-assisted tunneling of
the TLS„, triggered by electronic excitation of the chro-

mophore (for recent discussions of the NPHB mechanism
see Refs. 51 and 62). Spontaneous hole filling is most
reasonably ascribed to TLS,„, relaxation processes which
occur with the chromophore in its ground state. It is im-
portant to note that the TLS,„, coordinate(s) responsible
for NPHB and hole filling is associated with a relatively
strong interaction between the chromophore and the
inner shell of hydrogen binding solvent molecules and,
for the above systems, that it involves considerable ampli-
tude of motion of the hydroxyl proton of the host. The
latter follows from the fact that deuteration of the hy-
droxyl proton leads to a reduction of the average quan-
tum yield for NPHB of well over an order of magni-
tude. ' In sharp contrast, the pure dephasing is
unaffected by deuteration which strongly suggests that
the TLS;„,coordinate(s) are due to spatially extended hy-
drogen bonding networks of the host molecules occupy-
ing mainly the outer shell. This provides support for the
diagonal modulation theory of Lyo' ' in which pure de-
phasing is due to weak interactions of the chromophore
with a sea of TLS;„,.

In our earlier mentioned work on several physical
properties, whose T dependencies are dictated by intrinsic
TLS, A,o and o.

& values in the range -6—7 and —3, re-
spectively, were utilized for the TLS;„,. As one example,
it proved possible to understand, for several inorganic
glasses, why the temperature dependence ( T ( 1 K) of the
thermal conductivity deviates from T "when the TLS,„,
density of states is p(E)=poE" (and the power law for
specific heat is T'+"). ' ' The T " prediction of the
standard tunneling model is a consequence of approxi-
mate averaging; e.g. , the assumption that ( W )z/E is
independent of E. We note that the values of (A,o, o &, cr&)
found to be suitable in Ref. 48 lead to p-0. 2—0.3 over
about two decades of temperature ~ 1 K. Above =1 K
the density of states begins to decrease. We note that the
weak TLS-phonon coupling approximation was used in
Ref. 48.

We consider next our findings for the spectral diffusion
of cresyl violet in ethanol-d from the distribution of faster
relaxing TLS. For weak and strong coupling
(A,o, a &)

= (9.8, 2.9) and (7.3,2.3), respectively, with
o-&=0.20 for strong coupling. These o.

& values are con-
sistent with those determined earlier for TLS;„, (the fact
that they are considerably larger than those for TLS,„, is
qualitatively understandable given the stronger interac-
tion between the chromophore and inner shell). For
strong coupling, especially, the A,o value is similar to
those determined earlier for TLS;„,. We consider it
reasonable, therefore, to assign the faster relaxing TLS as
mainly TLS;„,. We draw the same conclusion for zinc-
porphin in ethanol-d. Comparison of the data for this
system with the above system is difficult because two
different phases of amorphous ethanol were used, ethanol
I and II, respectively. Phase II is the plastic phase and is
more ordered than phase I. That the o.

& value for phase
II is smaller than that for phase I is consistent with this.
However, we do not have an explanation for why phase
II has the lower Ao value (6.8 vs 9.8 for weak coupling).

Finally we point out that the applicability of the basic
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equation used, Eq. (9), for spectral diffusion is limited to
waiting times t~ ) 10~, where ~ can be viewed as the to-
tal dephasing time T2. For the systems studied then this
means t~ ~ 10 ns. Thus, our spectral diffusion results for
shorter waiting times should only be considered as indi-
cative.

III. CONCLUSIONS

In this paper we have shown that the TLS distribution
functions of JSA (Ref. 19) can be used to determine the
distribution function of TLS relaxation rates for both
weak and strong TLS phonon coupling. For both experi-
mental data sets investigated, weak and strong coupling
are equally capable of accounting for the spectral
diffusion. Previous work has provided quite compelling
evidence for the coupling being strong for TLS;„,.
We suggest that detailed studies of the temperature
dependencies of spectral diffusion and pure dephasing
may be important for ascertaining whether or not the
coupling is indeed strong.

Our results show that strong coupling has pronounced

effects on the distribution of relaxation rates; namely,
significant tailing to slower relaxation rates, a shift of the
maximum to a faster rate value, and a reduction in the
probability of very fast rates. For the cresyl violet in
ethanol-d system, strong coupling for the TLS;„, leads to
a reduction in the contribution from the distribution of
slower relaxation rates to spectral diffusion at long times.

Finally, a comparison of the values of the distribution
function parameters, determined on the basis of the spec-
tral diffusion data, with those determined earlier for
thermal conductivity, specific heat, pure dephasing, and
spontaneous nonphotochemical hole filling indicate that
the faster and slower distribution of rates can be associat-
ed with TLS;„,and TLS,„„respectively.
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