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Nonexponential photon-echo decay curves and non-Lorentzian persistent-hole shapes of chromo-

phores in organic glasses have been observed experimentally, and explained by considering fractal struc-
tures of the organic-glass hosts. The photon-echo decay curves are well reproduced by the nonexponen-

tially decaying function of ~, exp( cTH—~3), where c is a constant, T is the temperature, r is the delay

time between the first and second excitation pulses, and D is the fractal dimension of the glass host. The
persistent-hole shapes are also well reproduced by the Fourier transform of this function. The fractal di-

mensions D obtained by fitting the theoretical curves to the observed hole shapes were characteristic of
the hosts, and almost independent of the guest chromophore. The non-Lorentzian persistent-hole shapes
were observed in nonionic as well as in ionic guest chromophores. We also obtained consistent values of
the host fractal dimension from the photon-echo decay curves. A simple model of glass structure is
presented which can consistently explain the differences between polymeric glass host and monomeric

glass host with regard to the measured hole shapes, echo decay curves, and the interrelations between

the hole widths and the inhomogeneous widths.

I. INTRODUCTION

In 1971, Zeller and Pohl found out that thermal con-
ductivity and heat capacity of several glasses show behav-
iors differing very much from those of their crystalline
counterparts. ' It is now well established that various
physical properties in amorphous materials are very
different from those of crystalline materials at low tem-
peratures. Anderson, Halperin, and Varma and Phillips
independently proposed a model based on two-level sys-
tems (TLS's) which could explain these differences. In
1974 Kharlamov, Personov, and Bykovskaya and Goro-
khovskii, Kaarli, and Rebane discovered the burning of
persistent holes in the inhomogeneously broadened ab-
sorption bands of organic molecules embedded in low-
temperature amorphous matrices. The importance of the
TLS concept in persistent-hole burning (PHB) was first
pointed out by Small and Hayes, ' and since then there
have been many theoretical works on the persistent-hole
width and its temperature dependence based on the TLS
model.

Recently we' ' observed the persistent holes in some
ionic-dye-doped organic glasses, and found out that, al-
though the persistent-hole shapes in a monomeric glass
host are close to Lorentzian, those in a long-chain poly-
meric glass host deviate signi6cantly from Lorentzian
shapes.

It is well known that hole shapes and photon-echo de-
cay curves are related by a Fourier transformation. '

Hu and %'alker analyzed the dephasing and the spectral
diffusion of spin systems by random spin floppings. ' If
we consider the spin floppings as jumps in the TLS's,
their analysis can be applied to amorphous systems.
Maynard, Rammal, and Suchail and Bai and Payer
discussed the photon-echo decay curves by assuming that
the spatial distribution of the TLS's is uniform and that

the interaction between the TLS and the guest chromo-
phore is of dipole-dipole type. Under these assumptions
they derived the single-exponential photon-echo decay
curve which corresponds to the Lorentzian hole shape.
However, non-Lorentzian persistent-hole shapes have
also been obtained by considering other types of interac-
tions between the chromophore and the TLS. Experi-
mentally we found different persistent-hole shapes for a
guest chromophore between a polymeric glass host, po-
lyvinyl alcohol (PVA), and a monomeric glass host, etha-
nol (EtOH). Since EtOH is the basic component of PVA,
the type of interaction between the TLS and the guest
chromophore should be the same for both of the glass
hosts. Therefore, the difference of the hole shapes be-
tween PVA and EtOH cannot be solely attributed to the
difference in the interaction between the TLS and the
guest chromophore.

It has been pointed out that polymer chains in organic
glasses form fractal structures. ' Alexander and Or-
bach have developed the fracton model based on the
fractal concept to describe the anomalous vibration prop-
erties of glasses. Saikan et al.2s discussed the relation be-
tween Raman-scattering spectra in polymeric glasses and
phonon side band spectra in persistent holes in terms of
fracton modes. If TLS's are on the polymer chains, the
spatial distribution of the TLS's themselves should also
form a fractal structure. By assuming that the TLS's in
the polymer host are spatially distributed like a fracta1
with a fractal dimension D and that the TLS's in the pho-
non bath interact with the guest chrornophore via
dipole-dipole interaction, we have derived a nonexponen-
tial photon-echo decay curve and a non-Lorentzian
persistent-hole shape. In this paper, we present the sim-
ple and self-contained theory.

In order to verify our theory, we measured the hole
shapes and the photon-echo decay curves in some organic

46 10 641 1992 The American Physical Society



10 642 UEMURA, OKADA, %'AKAMIYA, AND NAKATSUKA 46

glasses, and obtained the non-Lorentzian hole shapes and
the nonexponentially decaying photon-echo decay curves.
The values of fractal dimensions D derived from these
curves were in good qualitative agreement with our sim-
ple model for the spatial structures of the glass hosts.

II. THEORY

It is known that the photon-echo decay curve in the
time-domain and the hole shape in the frequency domain
are related by a Fourier transformation. ' The hole
shape IH(co} is given by the Fourier transform of the
four-point correlation function or the stimulated photon-
echo decay function C(r, T,r) introduced by Berg
e~ al. ,

l8

IH(co) ~ J dr exp(icos)C(r, T,r),

In the case where x =exp(N lnx )

where ~ and T are the intervals between the first and
second pulses, and the second and third pulses of the
stimulated photon echo, respectively. In the stimulated
photon echo, ~ changes in the order of the dephasing
time Tz, while T can be as long as the population grat-
ing decay time T, which is practically infinite for PHB
materials. In hole-burning spectroscopy, T in Eq. (1)
corresponds to the waiting time between burn and probe.

At very low temperatures the dephasing of the chro-
mophore in organic glasses is caused mainly by the
TLS's. If we assume that the decay of the stimulated
photon echo is caused by the TLS's, the echo decay func-
tion C(r, T,r) can be expressed as

N

c(r, T, r)=(e pi pe)(r, T„) Hxxs (2)
J

where ( ) H &Ls represents the averages over the history
path and the parameters of the TLS, X is the number of
TLS's surrounding the chromophore, and (( is the phase
shift of the chromophore caused by the jump of the jth
TLS which can be expressed as

T +2'
PJ(r, T )=bee) J h(t)dt —J h(t)dt, (3)

where h (t) takes the values +1 or —1 randomly, and is
called the random telegraph function. If there is no
correlation between different TLS's, Eq. (2) becomes

N

C(w, T,r)= g ( e p[xi(((r), T, r)])H&Ls
j=l

=( exp[i/(7. , T,7)])H rLs . .

=exp [ —N ( 1 —x ) ], therefore, Eq. (4) can be approximat-
ed as

P2~ = P[p 22( 0)=1]P[p„( T )lp22(

P )2 =P [p) ((0)= 1]P[p22( T ) lp~ ~(0)= 11

(6)

where P [p„(T )
~ p22(0) = 1] is the conditional probability

of finding the TLS in its lower level at T given an initial
condition p2z(0) =1, and P[pz (2T) ~p»(0) =1] is that for
the inverse process. The relaxation of the population dis-
tribution can be expressed as

p„(t) p„=[p„—(0)—p„]exp( Rt), —

P22(t} P22 IP22(0) P22] exp(

(8)

(9)

where p» and pzz are the population densities in thermal
equilibrium. From Eqs. (8) and (9) we get

P[p»(T )~p22(0)=1]=p»[1 —exp( RT )], —(10)

P [phiz( T) lp&&(0) = 1]=pzz[1 —exp( RT„)], —

Therefore, when the TLS is in thermal equilibrium, Eqs.
(6) and (7) become

P2, =P,z=p»pz2[1 —exp( RT )]—
=

—,
' sech (E/2kT)[1 —exp( RT )], (12—)

where k is Boltzmann's constant, and T is the tempera-
ture. From Eqs. (3}and (12), we get

(1—exp[i(}()(r, T )])H=P2, [1—exp(2ibcur)]

+P,2[1—exp( 2i beer)]-
= sin (bcor) sech (E/2kT)

X [1—exp( RT )] . —

Using Eqs. (5) and (13), C(r, T,r) can be written as

(13}

C(r, T,~)=exp[ —N(1 —exp[i)( r, T )])0r„sJ .

The jumps in a TLS between the two levels occur ran-
domly when excited by phonons. The transition rate R
between the two levels is known to be distributed very
widely, and the distribution function is believed to have a
1/R dependence. When ~ && T, as in our experimental
conditions, the main contribution to the hole width is due
to those TLS's with R «1/~.

Here we consider a TLS whose energy separation be-
tween the upper level 2 and the lower level 1 is E. The
probability Pz, that the TLS is initially at level 2 and is
found to be at level 1 after T„,and the probability of the
inverse process P lz can be expressed as

C(r, T,r) = exp [ N( sin (b co~) sech—(E /2kT ) [ 1 —exp( RT }] )rLs], — (14)

which was previously obtained by Bai and Fayer.
Next we need to average over TLS's, where the TLS

average means the average over the distance from the
guest chromophore, the energy splitting E, and the relax-

I

ation rate R. In the organic glass host there exist a large
number of voids of various sizes, and it has been pointed
out that the polymer chains in some of these organic
glasses may form a fractal structure. If the TLS's
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are somewhere along the polymer chain, it is reasonable
to assume that the spatial distribution of the TLS's may
also form a fractal structure. Therefore, we assume that
the TLS's in the glass host are spatially distributed like a
fractal with a fractal dimension D. Then the number of
TLS's N(r) within a distance r around a chromophore is
expressed as

I'(r)dr =dN(r)/N =(aD/N)r 'dr . (16)

If the interaction between the chromophore and the TLS
is a dipole-dipole type interaction, the jump of a TLS at
a distance r causes a shift dao(r) in the chromophore
transition frequency as

N(r) =sr (15)
bco(r) =rjlr (17)

where a is a constant. The distribution of TLS's is given
by

where ri is a constant. Substituting Eq. (17) into Eq. (14),
and averaging over r using Eq. (16), we get

C(r, T,r)=exp[ —r ~ Z(sech (E/2kT)[1 —exp( RT~—)])Ea ],
where Z is a constant given as

Z= x ' sin xcg&3" 0

If we assume a flat distribution on E, the average of Eq. (18) over E gives

( sech (E/2kT)[1 —exp( RT )])E—~ f dE sech (E/2kT)

cc T (20)

Therefore, the stimulated photon-echo decay function
C(r, T„,r) becomes

C(r, T,r) =exp( —cTr ), (21)

where c is a positive constant, T is the temperature, and
D is the fractal dimension of the glass host. These re-
sults, Eqs. (1) and (21), indicate that, if the fractal dimen-
sion D is not 3 (D =3 corresponds to a spatially uniform
distribution of TLS's), the stimulated photon-echo decay
curve is not exponential, and the hole shape is not
Lorentzian. Moreover, from Eq. (21) we can derive a
temperature dependence of the hole width I z,~, (FWHM)
as

~ T3/D
hole (22)

III. EXPERIMENTAL AND DISCUSSION

A. Persistent-hole burning
in ionic chromophore-doped organic glass

The spatial structure may differ significantly between
organic glasses made of long-chained polymers and those
made of small monomers. In order to compare the two
cases, we first selected two glass hosts, polyvinyl alcohol
and ethanol. EtOH is the basic component of PVA, and
the degree of polymerization of PVA used was 2000. We
selected these two glass hosts, PVA and EtOH, in order
to minimize the effects other than the degree of the poly-
merization. %'e believe that if the glass is made of long-
chained polymer, the size of the voids is distributed in a
wide range, and the fractal dimension becomes consider-
ably smaller than 3. On the other hand, if the glass is
made of small monomer, the size of the voids is small,
and so the fractal dimension should be close to 3.

The chromophore-doped polymer films were made as
follows: both the organic dye and PVA were dissolved in
water (-60'C), cast on a glass plate, and dried for several
days. The thickness of the film was about 100pm. On
the other hand, the chromophore-doped monomer glasses
were made by rapidly cooling (-5 K/sec) the solution of
the organic dye in EtOH in a glass cell of 1 mm thick-
ness.

The absorption spectra of 1,3, 3, 1', 3', 3'-hexamethyl-2-
2'-indotricarbocyanine iodide embedded in PVA
(HITC:PVA), HITC:EtOH, (Oxazine 1):PVA, and (Oxa-
zine 1):EtOH are shown in Fig. 1. The interesting point
in Fig. 1 is that, in both the chromophores, the inhomo-
geneous width is larger in the polymeric glass than in the
monomeric glass. This is consistent with the fact that the
distribution of the void sizes of the polymeric glass is
considerably broader than that of the monomeric glass.

It is known that in organic glass systems, there exist
various types of mechanical rearrangement processes
whose time constants vary in a wide range. Therefore,
the observation of the hole shape in real time is essential
in studying the dynamics in these systems.

The wavelength of a single-mode diode laser can be
scanned rapidly by changing its injection current. By us-
ing the current sweep of a diode laser, we observed the
persistent-hole shape from about 15 msec after burning.
Figure 2 shows the persistent-hole shapes observed at 15
msec after burning. The samples were kept at 1.6 K for
HITC and 1.7 K for Oxazine 1, in an immersion-type
cryostat. Since it is important to minimize the hole shape
deformation by saturation or heating, the
hole depths burnt were small and were about 3%%uo of the
initial absorption. For HITC, we used a
MITSUBISHI:ML4402 diode laser which oscillates at
773 nm, and the burn intensity and the burn duration
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were 150 pW/cm and 10 msec, respectively. The prob-
ing was made by sweeping the wavelength by 1 cm ' in
15 msec at the intensity of 15 pW/cm . On the other
hand, for Oxazine 1, we used a TOSHIBA:TOLD9215
diode laser which oscillates at 673 nm, and the burn in-
tensity and the burn duration were 600 pW/cm and 15
msec, respectively. The probing beam wavelength was
swept by 0.9 cm ' in 15 msec at the intensity of 30
pW/cm . The burn wavelengths are shown by arrows in

2

Fig. 1, and the absorbances at the burn wavelengths are
about 1 in all the cases.

In both HITC and Oxazine 1, we found very sharp
peaks at the center of the holes in the polymeric glass
host PVA, whereas the hole shapes in monomeric glass
host EtOH are close to Lorentzians. The theoretical
curves IH(co) calculated from Eqs. (1) and (21) are shown

by dashed curves in Fig. 2. By best fitting we obtained a
fractal dimension D =2. 1 —2.3 for PVA. This is consid-
erably smaller than that of the monomeric glass host
EtOH, D =2.7—2.9, which is close to 3. In order to
make clear the comparison between the observed and the
theoretical curves, we consider the Fourier transforms of
the hole shapes, i.e., the stimulated photon-echo decay
function C(r, T,r) The re. sults are shown in Fig. 3 to-
gether with the theoretical lines (dashed lines) represent-
ing

In Fig. 3 we clearly see differences in the slopes between
the lines for PVA and EtOH.

The time evolution of the hole widths I h, &, for (a)

HITC at 1.6 K and for (b) Oxazine 1 at 1.7 K are shown
in Fig. 4. We see a slight increase of I „„,by spectral
diffusion. A remarkable point in Fig. 4 is that, although
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FIG. l. Absorption spectra of (a) HITC:PVA and
HITC:EtOH at 5.4 K and of (b) (Oxazine 1):PVA and (Oxazine
1):EtOH at 1.7 K. The burn wavelengths are shown by arrows.

FIG. 2. Persistent-hole shapes of (a) HITC:PVA and

HITC:EtOH at 1.6 K and (b) {Oxazine 1):PVA and (Oxazine
1):EtOH at 1.7 K, measured 15 msec after burning, together
with the theoretical curves {dashed curves), where D =2. 1 for
HITC:PVA, D =2.7 for HITC:EtOH, D =2.3 for (Oxazine

1):PVA, and D =2.9 for (Oxazine 1):EtOH.
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Even with this host we paid a lot of attention to avoid the
stacking of the phthalocyanine. The sample was

prepared as follows: OBPc in chloroform was mixed with

PS in acetone. The mixture was cast on a glass plate and
rapidly dried on a hot plate within a minute. The film

thus made was brittle, but the absorption spectrum was

very similar to that of a dilute chloroform solution,
which confirmed the absence of stacking. The absorption
spectrum at 1.8 K is shown in Fig. 5, the arro~ indicates
the wavelength where the hole was burnt. The absor-
bance of the sample film at the burn wavelength was

about 1. Here we used a HITACHI:HL7802E diode laser
which oscillates at 783.5 nm. The burn intensity and the
burn duration were 700 pW/cm and 15 msec, respective-

ly, and the probing was made by sweeping the wave-

length by 0.7 cm ' in 15 msec at the intensity of 23
pW/cm .

Figure 6 shows the persistent-hole shape measured at
15 msec after burning at 1.8 K. The dashed curve is the
theoretical one by Eqs. (1) and (21) with fractal dimension
D =2.4 obtained by best fitting. For this PS polymeric
glass, we also obtained a fractal dimension D =2.4 which
is considerably smaller than 3. This is more clearly seen

by the Fourier transform of the hole shape, the stimulat-
ed photon-echo decay function C(r, T,r), as before.

(a)

FIG. 3. Fourier transforms of the hole shapes in Fig. 2,
C(~, T„,~), are plotted as a function of ~ for (a) HITC and for
(b) Oxazine 1, together with the theoretical lines (dashed lines)
representing Eq. (23), where D =2. 1 for HITC:PVA, D =2.7
for HITC:EtOH, D =2.3 for (Oxazine 1):PUA, and D =2.9 for
(Oxazine 1):EtOH.
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the inhomogeneous widths for PVA are larger than those
for EtOH, as are shown in Fig. 1, the hole widths I h,&,

for PVA are smaller than those for EtOH. We believe
this is because in the polymeric glass the long-chained po-
lymers intertwine and make a dynamically rigid and
stable network which somewhat suppresses the jumps of
the TLS's.
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10o 102
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B. Persistent hole burning
in nonionic chromophore-doped organic glass

The chromophores we tested above are classified as
ionic dyes. Since our theory is only concerned with the
host structure, it should also be applicable to nonionic
materials which exhibit photochemical hole burning. We
looked for nonionic chromophores in the wavelength re-
gion of near-infrared diode lasers, and found
1,4,8,11,15,18,22,25-octa-n-butoxy phthalocyanine
(OBPc). The mechanism of the photochemical hole burn-
ing of Inetal free phthalocyanines is known as the tau-
tomerism of the central protons. It is difficult to obtain
organic glasses in which phthalocyanines are distributed
as a single molecule without stacking. Therefore, the
only organic host we could use was polystyrene (PS).

0.2- Oxazine 1: EtQH

0.1—0

C

0 8 C0 0

I 0
C0 0

0

~ y ~ g ~ ~
I e

Qxazine 1 - PVA

0
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FIG. 4. Time evolution of hole widths I h, ~, after burning for
(a) HITC at 1.6 K and for (b) Oxazine 1 at 1.7 K, where solid
circles and open circles represent those for PVA and EtOH, re-
spectively.
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FIG. 5. Absorption spectrum of OBPc:PS at 1.8 K. The
burn wavelength is shown by an arrow.

The results are shown in Fig. 7 together with the theoret-
ical line (dashed line) given by Eq. (23) with D =2.4

parison we showed the line corresponding to D =3
y a solid line. In Fig. 7 we clearly see that the fractal di-

mension D of the polymeric PS glass obtained from the
persistent-hole shape is smaller than 3.

Fi uigure 8 shows the time evolution of the hole width
I „,~, of OBPc:PS at 1.8 K. We see that the hole width is

considerably smaller in OBPc:PS than in the previous
samples shown in Fig. 4. The decay rate of th h l

ep was also smaller in OBPc:PS. Therefore we could
measure a hole shape at long times after burning with a
good signal-to-noise ratio. Figure 9 shows the fractal di-
mension D obtained from the hole shapes measured at
various times after burning. We see that the fractal di-
rnension does not change with time h' h

'
, w ic ~s consistent

with our theory.
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eoretj. cal line (dashed line) representing Eq. (23), where

D =2.4. A straight line corresponding to fractal dimension

D = 3 is shown for reference.

C. Photon e hcho in chromophore-doped organic glass
FIG. 8. Time evolution of a hole width I h, l, of OBPc:PS

after burning at 1.8 K.
In the above we showed that the persistent-hole shape

can be explained by the fractal dimension D of the
ic lass ho
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g s ost. Hence, we think it significant to see this
feature directly by the photon- h d
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FIG. 6. A typical hole shape of OBPc:PS at 1.8 K, measured
msec after burning, together with the theoretical curve

(dashed curve), where D =2.4.

FIG. 9. Time dependence of the fractal dimension D of
OBPc:PS after burning at 1.8 K. The dashed line represents the

averaged value over the various waiting times from 15 msec to
2000 sec, D =2.42.
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In the incoherent light accumulated photon echoes, it
is possible to obtain a very high time resolution equal to
the inverse of the overall spectral width of the excitation
light. Therefore, as a very handy and stable broad-
band light source, we used a multimode diode laser
SHARP:LT023MDO, which oscillates at 785 nm, and
drove it with a rf current at 1 MHz to obtain a smoother
spectral profile. The overall spectral width was 3.5 nm,
which corresponds to the time resolution of 500 fsec in
the photon-echo measurements.

It is well known that in the accumulated photon
echoes, it is important to prepare a sample of optically
good quality to minimize the scattering of the strong ex-
citation beams by the sample defects which obscure the
weak echo signal. But it is quite dificult to obtain a
monomeric organic glass of optically good quality.
Therefore, in order to suppress the effect of the scattered
light, we used the phase-modulation accumulated
photon-echo technique, which was recently developed by
Saikan, Uchikawa, and Ohsawa.

The schematic diagram is shown in Fig. 10. The exci-
tation beam E, was phase modulated at f =20 kHz by a
piezoelectric actuator. The transmitted beams E, and E2
were detected separately with two photodetectors. The
difference signal between the two photodctectors was fed
into a lock-in amplifier. The echo signal appears in the
2f component of the lock-in detected signal.

The absorption spectra of 3,3'-diethyl-2-2'-
thiatricarbocyanine iodide in PVA (DTTC:PVA), and
DTTC:EtOH at 5.0 K are shown in Fig. 11. In this case
too we see that the inhomogeneous broadening in the po-
lymeric glass is larger than in the monomeric glass.

The echo decay curve was obtained by changing the
delay time ~ between the first beam E& and the second
beam E2. At a fixed delay time ~ the echo signal in-
creased with time, which indicates that the signal was in-
duced by the population grating created by persistent-
hole burning. At each delay time ~, in order to refill the
persistent population grating created previously, we at
first irradiated the sample with a diode laser
MITSUBISHI:ML4402 for 30 sec, which oscillates at 773
nm, which is shorter than the wavelength of the echo ex-

O
C

0

TC: PVA

TC: EtOH

600 700
I

800 900
Wavelength (nm)

FIG. 11. Absorption spectra of DTTC:PVA and

DTTC:EtOH at 5.0 K. The excitation wavelengths of the pho-
ton echos are shown by arrows.

(~ ) DTTC: PVA
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citation beams. The intensity of the erasing light was 15
mW/cm . Next the echo excitation beams were irradiat-
ed to the sample for 10 sec, where the intensities were 2.9
mW/cm for DTTC:PVA, and 13 mW/cm for
DTTC:EtOH, and then the echo signal was measured. In
this accumulated photon-echo measurement, the waiting
time T extends from 0 to 10 sec, in principle, but the
hole widths I h,&, do not change so much with the waiting
time T from 15 msec to 2X10 sec, as are shown in
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FIG. 10. Schematic diagram of the phase-modulation accu-
mulated photon-echo experiment using a cw multimode diode
laser. AOM is an acousto-optic modulator. The excitation
beam E, was phase modulated at 20 kHz by a piezoelectric ac-
tuator. The transmitted beam E& and E2 were detected sepa-
rately with two photodetectors. The difference signal between
the two photodetectors was fed into a lock-in amplifier.
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FIG. 12. Photon-echo decay curves of (a) DTTC:PVA and
(b) DTTC:EtOH at 5.0 K.
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FIG. 14. Model of chromophore-doped organic glass: (a) po-
lymeric glass host, (b) monomeric glass host.

FIG. 13. Photon-echo decay curves I„&,(~) in Fig. 12 are
plotted as ln( —1n[I„„,(r)]] vs 1nir), together with the theoret-
ical curves (dashed curves) representing Eq. (23), where D =2.3
for DTTC:PVA, and D =2.8 for DTTC:EtOH.

Figs. 4 and 8. Therefore, we can safely say that the dom-
inant contribution to the echo signal is brought about by
the components at T —10 sec. Thus, we consider the
measured echo decay curves I«»(r) to correspond to
C(r, T r) at T —10 sec. The echo decay curves of
DTTC:PVA and DTTC:EtOH at 5.0 K are shown in Fig.
12. In order to make clear the comparison between the
measured echo decay curves and the theory, we plotted
ln[ —in[I«»(r)]] (solid line) and

ln[ —in[C(r, T,r)]] =(D/3) X ln(r)+const

(dashed line) in Fig. 13, where I«h, (r) is normalized to 1

as ~~0. The dashed lines are obtained by best fitting,
D =2.3 for DTTC:PVA, and D =2.8 for DTTC:EtOH.
These values are in good agreement with the values ob-
tained by the persistent-hole shapes as is shown in Fig. 3.

D. Model of organic glass host

In our experiments we found out that between the po-
lymeric glass host and the monomeric glass host there are
large differences in the hole shapes and photon-echo de-
cay curves, and in the interrelation between the inhomo-
geneous and homogeneous widths. In order to explain
these features, we propose a simple model for polymeric
glass and monomeric glass as is shown in Fig. 14.

In polymeric glasses, the guest chromophore is sur-
rounded by long-chained polymers which intertwine.
This structure gives rise to the existence of voids of vari-
ous sizes, and hence a large inhomogeneous width and a
small fractal dimension D. But the dynamical stability of
the polymer network yields a small homogeneous width
or a small hole width at low temperatures. On the other
hand, in monomeric glasses, the guest chromophore is
surrounded by small monomers. Therefore, the size of
the voids should be considerably smaller and the inhomo-
geneous width should be also, and the fractal dimension

D should be close to 3. But the loose network yields a
large homogeneous width or a large hole width.

The key features of the persistent-hole shape in a po-
lymeric glass host with a small fractal dimension D are
the sharp peak and the broad wing compared with the
Lorentzian shape. In the glass host with a small fractal
dimension, the density of the TLS at a short distance
from the guest chromophore is larger than that at a
longer distance, therefore the jump of the TLS which
causes a large frequency shift to the chromophore is rela-
tively more frequent than in the case where the chromo-
phore is embedded in a spatially uniform host (D =3).
This is the reason for the deviation of the persistent-hole
shape from a Lorentzian in a glass host with a low fractal
dimension.

IV. CONCLUSION

We proposed that the persistent-hole shape is deter-
mined by the fractal dimension of the glass host, and
have derived a nonexponential photon-echo decay curve
and a non-Lorentzian persistent-hole shape. Values of
the host fractal dimension almost independent of the
guest chromophore were obtained from the persistent-
hole shapes. We also obtained consistent values of host
fractal dimension from photon-echo decay curves. The
non-Lorentzian persistent-hole shapes were observed in
nonionic as well as in ionic guest chromophores and sup-
port the proposal presented here. Moreover, our simple
model of the spatial structures of polymeric and
monomeric glass hosts can consistently explain the ob-
tained hole widths, inhomogeneous widths, and fractal
dimensions.
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