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Temperature dependence of optical dephasing in an organic polymer glass
(PMMA) from 300 K to 30 K

Yutaka Nagasawa, Sean A. Passino, Taiha Joo,a) and Graham R. Flemingb)
Department of Chemistry and James Franck Institute, The University of Chicago, Chicago, Illinois 60637

~Received 4 September 1996; accepted 18 December 1996!

The temperature dependence of the optical dephasing mechanism in an organic polymer glass,
polymethylmethacrylate~PMMA!, was studied from 300 K to 30 K using the dye IR144 as a probe.
Transient grating and three pulse photon echo measurements were made, and the three pulse photon
echo peak shift~3PEPS! was recorded as a function of temperature. The peak shift data reveal time
constants of;6 fs and;60 fs, along with vibrational beats and a long-time constant value for the
peak shift. The 6 fs component is attributed to intramolecular vibrations and the 60 fs component to
librational degrees of freedom of the PMMA itself. This contribution appears slightly underdamped
and the fitted spectral density matches well with the Raman spectrum of PMMA. The two ultrafast
decays are insensitive to temperature. For temperatures above 80 K the long-time peak shift
increases linearly as temperature decreases but at 80 K the shift levels off and decreases for
temperatures between 80 and 30 K. Fit values for the inhomogeneous width~500 cm21! and the
reorganization energy~378 cm21! describe the initial value of the peak shift, its decay, the
absorption spectrum, and the three-pulse photon echo signal quite well at both high and low
temperature. We were not very successful in describing the temperature dependence of the
long-time peak shift, although the insensitivity of the dynamics to temperature could be qualitatively
accounted for. At low temperature the imaginary portion of the line shape function, which is
temperature independent, contributes significantly to the response, while at high temperature the
dephasing is dominated by the real part of the line shape function. A more sophisticated model is
required to quantitatively describe the data. ©1997 American Institute of Physics.
@S0021-9606~97!50812-9#
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I. INTRODUCTION

The broadening of spectral lines in condensed phases
been used to probe the interaction of molecules and t
environment for many years.1–8 Broad, featureless electroni
spectra are typical of chromophores in liquids, proteins,
glasses. The mechanism of this line-broadening and the
namics masked by it have been studied extensively in
classes of systems, room temperature liquids8–17 and low
temperature~,10 K! glasses.1,2,4–6,18,19In this work, we try
to bridge these two regimes by means of photon echo stu
of a chromophore dissolved in a polymer glass over the t
perature range 300–30 K.

On short time scales one might expect very little diffe
ence between a liquid and glass, at least at high temperat
This expectation is based in part on the success of pho
based models of liquid dynamics such as the instantane
normal mode~INM ! approach.20–23Harmonic normal mode
models give very good descriptions of the ultrashort phas
solvation in acetonitrile21–23 and water.20 Further, with the
exception of water the shape of the INM density of sta
seems to be rather independent of the molecular nature o
liquid.22,23 In the case of acetonitrile and probably other lo
symmetry molecules, the coupling constant weighted IN
spectrum is quite insensitive to whether the property be

a!Present address: Department of Chemistry, Pohang University of Tech
ogy.
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probed is the solvation energy or the polarizability.23 From
this perspective, we might expect the early time behavio
high temperature to be very similar in liquids and glasses.
course on longer time scales the two systems will dive
strongly. The diffusive component of solvation dynamic
familiar from dielectric relaxation, contributes on the pic
second to tens of picosecond time scale.10–13,16,17On time
scales longer than the slowest dielectric relaxation tim
simple liquids are expected to be homogeneous. In glas
the diffusive processes are so slow that, even at room t
perature, they can be regarded as static, inhomogen
broadening.24,25 As one lowers the temperature in a glas
this partitioning between dynamic and static contributions
the line broadening may vary, and it is not clear over wh
region models based on linear coupling to a harmonic b
will be valid.

An experimental approach which can characterize b
dynamic and static contributions to the line broadening
required to address these issues. The fluorescence S
shift technique10–13 which measures the solvation respons
S(t), over a wide dynamic range is not directly sensitive
static line broadening. The three pulse photon echo p
shift ~3PEPS! measurement16,17,24,26–31combines a large dy-
namic range with sensitivity to static contributions to the li
broadening and insensitivity to the excited state lifetime, a
should provide detailed insights into the temperature dep
dence of the line broadening mechanism. In this paper
describe 3PEPS studies of the organic polymer glass, p

ol-
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 This ar
methylmethacrylate~PMMA!, using the dye IR144 as
probe. We have used this molecule for a wide range of s
ies in liquids and found it to be a reliable probe.16,25,32,33

PMMA is a glass at room temperature and does not unde
a phase transition in our temperature range. Before des
ing the 3PEPS technique and providing some theoret
background, it is appropriate to mention some recent rela
studies.

A pioneering study of 3PEPS in a glass was carried
by Ippen and co-workers.34,35 They observed a monatoni
increase in the peak shift from 0 to 30 fs when temperat
was decreased from 290 K to 15 K, which they attributed
the transition from homogeneous to inhomogeneous bro
ening. Small and co-workers have been investigating the
plicability of models devised for low temperature systems
much higher temperatures~130 K! by means of hole burning
spectroscopy.19 This approach is clearly complementary
ours and a combined hole burning/photon echo study of
same system36 would be very valuable. On the theoretic
front, the formalism developed by Mukamel for nonline
optical spectroscopy unifies a broad range of experime
techniques and renders approaches based on the o
Bloch model obsolete.7,37–40Berg and co-workers have ap
plied mode-coupling theory to solvation dynamics,41 while
Bagchi has developed a theoretical description of the tra
tion from viscous to hopping mechanisms of mass trans
in supercooled liquids near a glass transition.42

II. THE 3PEPS MEASUREMENT

In this section we give a brief review of the 3PEP
experiment16,17,24,26–28,31,34,35,43in order to illustrate the
physical content of the measurement and define key qua
ties used in the analysis and modeling of our data.

The optical transition frequency,veg
i , for a particular

chromophore,i , dissolved in a glass can be written44

veg
i ~ t !5^veg&1D i1dveg~ t !, ~1!

where^veg& is the average value of the transition frequen
andD i a static offset from this mean for the particular chr
mophore.dveg(t) gives the dynamical contributions to th
spectrum and is described by the correlation function45

M ~ t !5
^dveg~0!dveg~ t !&

^dveg
2 &

. ~2!

The 3PEPS experiment has recently been shown to
capable of revealingM (t) and the magnitude ofDin , the
width of the distribution ofD i values.

24,31The experiment is
a three pulse stimulated echo46 in which both echo signals
at k12k21k3 and 2k11k21k3 are simultaneously
recorded.16,17,26–28,31,34,35,43Since there are three pulses, the
are three time periods to consider, of which the first two
under experimental control. The first time period,t, during
which the system is in an electronic superposition state
scanned. During the second time period,T, the system is in a
diagonal ~population state!. This is the key feature of the
experiment which gives its large dynamic range. The th
pulse creates the final superposition which leads to repha
J. Chem. Phys., Vol. 106,
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and echo formation. This last period is integrated over
record the echo intensity as a function oft. The observable
of interest is the location of the echo maximum with resp
to zero delay for different fixed values ofT. The shift from
zero delay,t* (T), we refer to as the peak shift, and b
measuring both phase matched echoes simultaneously
can be recorded with60.3 fs precision. A plot oft* (T) vsT
constitutes a 3PEPS data set. To extract quantitative va
of model parameters from peak shift data requires exten
numerical modeling; however, the physical content of t
experiment can be appreciated by a glance at two appr
mate expressions24 for t* (T) and t* (T→`), respectively.
The expressions are valid for times longer than the bath
relation time and in the intermediate inhomogeneous bro
ening limit,

t* ~T!5
@^D2&M ~T!1D in

2 #A^D2&1D in
21 f ~T!

Ap$^D2&@^D2&12D in
21 f ~T!#1D in

2 f ~T!%
, ~3!

t* ~T→`!5
D in
2A^D2&1D in

21l2

Ap$^D2&~^D2&12D in
2 1l2!1D in

2 l2%
, ~4!

where^D2& is the coupling strength,l is the reorganization
energy ~2l is the Stokes shift!, Din is the inhomogeneous
width, andM (T) is equivalent to the Stokes shift function
S(T), at high temperature, andf (T)5l2[12M (T)/M (0)]2.
Thus, the sole dynamical quantity appearing in the peak s
is M (T), while at long times a constant shift~the
‘‘asymptotic’’ value! will be observed~if DinÞ0! which de-
pends on the ratio of fast~l! to slow ~Din! broadening.

III. EXPERIMENT

The experimental apparatus and method of 3PEPS m
surement were described in detail previously16,26,32,43 and
only a brief outline will be given here. The light source w
a homemade cavity-dumped Kerr lens mode-locked Ti:s
phire laser with a center wavelength of 780 nm and a pu
duration of;22 fs with a time-bandwidth product of;0.42.
The repetition rate was usually set at 20 kHz to avoid hea
and damage of the sample. The repetition rate was va
from 2 kHz to 40 kHz and no significant change was fou
in the overall features of the signal. The power of each of
equally split three beams was kept under 200 pJ to av
undesired saturation effects and other higher order phen
ena. Beams were focused into the sample by a 10 cm sin
lens. 10 ns risetime photodiodes and lock-in amplifier w
used for signal detection. For the room temperature meas
ments, samples were rotated by an electric motor to av
sample damage. For temperature dependent measurem
the sample was stabilized on a brass holder inside
vacuum chamber of a closed-cycle helium gas cryo
which needed more than a hour to reach;30 K from room
temperature. Temperature was measured by a silicon d
attached to the sample and holder. At low temperatu
damage was not severe. Identical samples were used for
temperature dependent experiment. The temperature sta
was60.5 K when a complete 3PEPS signal was measure
No. 12, 22 March 1997
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each temperature. It was61.5 K when the temperature de
pendence of the asymptotic peak shift was measured s
stabilization was difficult when temperature was scanned

PMMA and IR144@anhydro-11-~4-ethoxycarboxyl-1-1-
piperazinyl!-10,12-ethylene-3,3,38, 38-tetramethyl-1,18-di~3-
sulfopropyl!-4,5,48,58-dibenzo-indotricarbocyanine hydrox
ide, triethylammonium salt# were used as received from A
drich and Exciton, respectively. The average molecu
weight of the PMMA was;120 000. Sample glass film
were prepared by mixing IR144 and PMMA in chloroform
methanol~2/1!, and the solution was spread on a quartz pl
and dried under closed atmosphere for a day. Mixed solv
and rapid drying were necessary to avoid aggregation
IR144. Samples were then taken under vacuum for sev
days to dry off the remaining solvent. All the samples us
for measurements had identical absorption spectral pro
The sample thickness was about 70–150mm and its optical
density ~O.D.! was about 0.7 to 1.6. A higher O.D. gave
stronger signal, but no significant change in the overall f
tures of the signal. Experiments with the laser center wa
length varied from 770 nm to 800 nm did not result in s
nificant changes in the signal.

For most of the experiments described here, the la
was focused into the sample with a 10 cm singlet lens
fluid solvents for which no inhomogeneity exists this leads
a nonzero long-time value of the peak shift of;1.4 fs. Sub-
sequently, we found that using a 20 cm achromat decrea
this long-time value oft* (T) to ,0.5 fs. We therefore as
sumed that in the glass samples a constant 1.4 fs shift a
from this effect, and we subtracted this value from the cur
before analysis.

IV. EXPERIMENTAL RESULTS

A. Absorption spectra

The absorption spectra of IR144 in PMMA and meth
nol are compared in Fig. 1. Both spectral shapes are q
similar, but the peak is red-shifted in PMMA by 405 cm21.
The full-width at half-maxima~FWHM! of the spectra are
2020 cm21 and 1960 cm21 and the maxima are at 742 nm

FIG. 1. Absorption spectra of IR144 in methanol~dashed line! and in
PMMA ~solid line!.
J. Chem. Phys., Vol. 106,
ticle is copyrighted as indicated in the abstract. Reuse of AIP content is sub
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and 765 nm in methanol and PMMA, respectively. Abso
tion peaks of the aggregate appear around;670 and;870
nm, but no such peak or shoulder can be found in eit
spectrum. The line shape is reasonably similar in the liq
and the glass. The red shift results from the lower polarity
PMMA as compared with methanol, consistent with t
IR144 absorption maximum also occurring at 765 nm in b
zonitrile. Thus, the Stokes shift between the absorption
fluorescence maxima is expected to be smaller in PMM
than in methanol.

B. Three pulse photon echo

3PE signals measured atT50 fs and 100 ps at tempera
tures of 294 K and 32 K are shown in Fig. 2. At a long
population time, the peak shift becomes smaller and at lo
temperature it becomes larger. AtT5100 ps, the noise is
larger since the 3PE signal is weaker, though a tempera
dependence of peak shift can still be observed. The 3
signal does not decay exponentially. Nevertheless, when
tail of the decay is fitted by an exponential function atT50
fs, it gives time constants of;10 and;12 fs at 294 and 32
K, respectively, and atT5100 ps it gives;9 and;11 fs at
294 and 35 K, respectively.

FIG. 2. 3PE signal of IR144 doped PMMA in two different phase match
directions2k11k21k3 and k12k21k3 at 294 K ~solid line! and at 32 K
~dashed line!. Population times are set at~a! T50 fs and~b! 100 ps.
No. 12, 22 March 1997
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C. Three pulse photon echo peak shift measurement

Peak positions are determined by fitting the 3PE sig
with a Gaussian function. WhenT is large, the 3PE signal is
symmetric and can be fitted quite well. WhenT is close to 0
fs, the 3PE signal is not symmetric. However, the discr
ancy between experimental and fitted peak position is
than 0.3 fs which is negligible. Typical 3PEPS data
IR144 in PMMA at 294 K and 32 K are shown in Fig. 3
Data for IR144 in room temperature ethanol are also sho
for comparison. Major features of the signals are~a! two
ultrafast decays,;6 fs and;60 fs, can be seen in all thre
samples;~b! similar quantum beats can be seen in all t
data, but the amplitude of the beats is smaller in the liq
~the beats are slightly more prominent in the 32 K glass!; ~c!
the picosecond decay seen in the liquid cannot be obse
in the glass as clearly apparent from the inset of Fig. 3. T
3PEPS signal in the glasses appears constant at long ti
and ~d! the magnitude of the peak shift becomes larger
lower temperature.

Quantum beats originating from intramolecular modes
IR144 are also responsible for the initial ultrafast decay~;6
fs!. The;6 fs decay is caused by vibrational wave pack
with different frequencies moving out of phase ve
rapidly.16,26,32The second ultrafast decay~;60 fs! in ethanol
is attributed to the inertial response of the solvent.16,32 This
has been observed by 3PEPS in numerous solvents wit
most identical decay times but varying amplitudes.16,32 The
success of phonon-based models of the initial phase of
vation in liquids, such as the INM approach,20–23,47,48sug-
gests that the early time behavior of a polar glass should

FIG. 3. 3PEPS of IR144 in PMMA~line with filled square!, ethanol at
294 K ~line with unfilled triangle! and PMMA at 32 K ~line with filled
circle!. In the inset, the peak shift is plotted against log population time
J. Chem. Phys., Vol. 106,
ticle is copyrighted as indicated in the abstract. Reuse of AIP content is sub

128.32.208.2 On: Thu, 0
l

-
ss
r

n

d

ed
e
es;
t

f

s

al-

ol-

e

very similar to a liquid. Indeed, the same;60 fs decay is
observed in the PMMA samples. In liquids, this inertial r
sponse arises from small angular displacements, with
largest contribution coming from the first-shell solvent mo
ecules and we expect a similar contribution in the glass
contrast, the picosecond decays reflecting diffusive dielec
relaxation in liquids are not observable in the glass. T
dielectric relaxation of PMMA is reported to be in the ord
of microseconds,49 thus such relaxation can be treated as
static inhomogeneity on our experimental time scale. T
asymptotic peak shiftt* (T→`) remains constant up to a
leastT5350 ps.

D. Temperature dependence of the asymptotic 3PEPS
t* (T˜`)

It can be seen from Fig. 3 that the dynamical part
3PEPS is rather insensitive to temperature. We will return
the dynamics later and for the present concentrate on
temperature dependence of the asymptotic peak s
t* (T→`), resulting from static inhomogeneity.t* (T→`)
for IR144 in PMMA atT5200 ps measured as a function
temperature is shown in Fig. 4. The temperature w
changed from low to high. Data from two different sampl
are shown for comparison, and the asymptotic peak s
differs slightly from sample to sample presumably as a re
of differences in inhomogeneity. We were not able to cont
this effect which seems to be a common problem in gl
samples. We also checked the position dependence of
signal in a single sample. Small changes in the position
the beam usually did not change the peak shift. Lar
changes~.3 mm! sometimes produced slight changes
t* (T→`). When the 3PEPS was measured as a function
T at room temperature as shown in Fig. 3~line with filled
rectangles!, the sample was rotated. Therefore, in this ca
any position dependence should be averaged out by the
tation. Despite the offset between the two curves in Fig.
the overall features of the temperature dependence are
similar. When the temperature is higher than 100 K; the s

FIG. 4. The asymptotic peak shift of IR144 in PMMA atT5200 ps mea-
sured as a function of temperature. Data from two different samples
shown for comparison.
No. 12, 22 March 1997
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increases roughly linearly as the temperature decrease
linear fit gives a slope of;20 as/K. In both samples
t* (T→`) first levels off and then decreases below 100

E. Transient grating signal

The transient grating~TG! signal has the same phas
matching direction as the 3PE, thus it was measured sim
taneously. The short time portion of the signal consists o
spike near 28 fs; which decays with a time constant of ab
;70 fs and various quantum beats. The short time reg
was used to fit the quantum beats. Figure 5 shows the lin
prediction singular value decomposition fit to the short tim
region and the residuals. The fitted frequencies, depha
times, and phases are shown in Tables I and II. Fitting w

FIG. 5. Results of linear prediction singular value decomposition for
short time region of the TG signal. Temperatures are~a! 294 K and~b! 38 K.

TABLE I. Results of linear prediction singular value decomposition of t
TG signal at 294 K.

Amplitude Frequency~cm21! Dephasing time~fs! Phase~rad!

1.067 718 55 22.356
0.067 604 562 21.584
0.325 472 372 21.555
0.195 437 1820 21.435
1 298 270 20.701
0.043 195 1822 1.965
0.703 139 331 20.303
3.694 60 150 0.580
J. Chem. Phys., Vol. 106,
ticle is copyrighted as indicated in the abstract. Reuse of AIP content is sub
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carried out from 30 fs to 2 ps for three~room temperature! or
four ~low temperature! separate data sets, and modes t
were not reproducible were considered as noise. Eight mo
were detected. The frequencies and dephasing time cons
are similar at 300 K and 38 K. For the TG signal of IR144
ethanol, Jooet al. found ten modes.16 The correspondence
between the two sets is good, although the ethanol data
slightly better spectral resolution. In Tables I and II the hig
est frequency mode~718 cm21 at 294 K! has a very short
dephasing time. Although this frequency is observed in
Raman spectrum~716 cm21! we do not mean to suggest th
this dephasing time represents the real damping time s
for this mode. Rather we believe that this very short deph
ing time scale simply mimics the influence of numero
higher frequency vibrations, whose contributions are not
cluded explicitly in our calculation. As usual when excludin
degrees of freedom from the explicitly calculated set,
damping~friction! must be increased to account for the i
fluence of the excluded set. In particular the 488 nm Ram
spectrum contains many, reasonably strong lines in
1100–1500 cm21 region, in addition to strong lines at 78
cm21, 946 cm21, and 1024 cm21.

Figure 6 shows the long time regions of the TG sign
which were used to obtain the lifetime of IR144 in PMMA
Double exponential fitting starts from 500 fs to avoid t
strong quantum beats which, especially at low temperat
cause difficulty in fitting. The parameters are given in Tab
III. The longest component is more than twice as long as t

e

TABLE II. Results of linear prediction singular value decomposition of t
TG signal at 38 K.

Amplitude Frequency~cm21! Dephasing time~fs! Phase~rad!

0.537 702 91 22.708
0.200 603 213 22.105
0.613 470 290 21.930
0.141 441 1861 22.299
1 301 308 20.974
0.035 229 1166 22.669
0.637 137 450 20.179
6.209 88 88 20.909

FIG. 6. The long time region of the TG signal at 294 K~solid line! and 38
K ~dashed line!.
No. 12, 22 March 1997
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observed in solvents. Since reorientational relaxation sho
be negligible in glasses, the longest 440 ps decay is relate
the excited state lifetime. The excited state lifetime of IR1
in PMMA is thus;880 ps since the TG signal measures
modulus squared of the third order polarization. Jooet al.
concluded that the contribution from reorientational rela
ation is small in solvents and obtained a lifetime of;400
ps.16

The intermediate component with a time constant of
ps may be an indication of solvation dynamics in this tim
scale. However, its intensity is low, and we were not able
detect this decay in 3PEPS signals. Compared to the
440 ps component, the amplitude of the;20 ps componen
is only 0.12. The temperature dependence oft* (T→`) was
measured at 200 ps, where the effect of;20 ps component is
negligible.

V. ANALYSIS

The standard approach for calculating the third order s
nal from the third order polarization is via the response fu
tions appropriate for the phase matching condition.7,40,50The
response functions are calculated from the line broaden
function,g(t), which is a complex quantity. The real part
g(t) describes line broadening via fluctuations, while t
imaginary part describes time dependent spectral diffus
~e.g., the Stokes shift!. At high temperatures the real an
imaginary contributions tog(t) are simply related via a time
derivative relation, in which temperature is the only variab
but in a quantum system a knowledge of the spectral dis
bution of the fluctuations is required. In this case, the l
broadening function can be written7,39,40

g~ t !5 i E
0

`

dvr~v!sin vt1E
0

`

dvr~v!

3coth~\vb/2!~12cosvt !1~D int !
2/2 ~5!

with b51/kbT wherekb is the Boltzmann constant andT is
the absolute temperature. Note that the real part of this
pression is temperature dependent and the imaginary pa
not. Herer~v! is a ~real! temperature independent spect
density representing the bath density of states weighted
the coupling strength to the observable of interest~in this
case the transition frequency!. Thus, oncer~v! andDin are
determined at a single temperature, provided the mode
linear coupling to a harmonic bath applies, the signals
other temperatures can be calculated. Note also thatDin ap-
pears only in the real part of Eq.~5! since the static compo
nent does not contribute to the Stokes shift.

Our approach starts from the simpler expressions ap
cable at high temperature to obtainr~v! via the transition

TABLE III. Results of double exponential fitting to the long time region
the TG signal.

Temperature~K! A1 t1 ~ps! A2 t2 ~ps!

294 0.117 19.5 0.883 440
38 0.112 23.5 0.888 510
J. Chem. Phys., Vol. 106,
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frequency correlation functionM (t). Oncer~v! is obtained
the temperature dependence of the third order signals ca
calculated directly from Eq.~5! by assuming a temperatur
independent spectral density. A second reason for us
M (t) as an intermediary is that it enables us to adequa
model the intramolecular vibrational contribution to the s
nal. As in earlier work,16,26,32 we found that the transien
grating signal provides the best information on vibration
frequencies and their dephasing times, while it is insensi
to static inhomogeneity. At high temperatureg(t) can be
written as7,40,50

g~ t !5(
j

F il jE
0

t

dt1M j~ t1!

1^D j
2&E

0

t

dt1E
0

t1
dt2M j~ t2!G1~D int !

2/2, ~6!

whereM (t) instead of being complex is written as a sing
real function. The expression linkingM (t) andr~v! is

r~v!5
2

p
v22 tanh~\bv/2!^D2&E

0

`

dt M~ t !cos~vt !,

~7!

where ^D2& is the sum of the coupling strengths of th
coupled modes. The tanh~\bv/2! term removes the tempera
ture dependence of̂D2&, giving a temperature independe
r~v!. For each mode the reorganization energyl j is related
to the coupling strength via

l j5
^D j

2&
2v j

F 1

exp~\bv j !21
1
1

2G21

. ~8!

Note that use of the common expressionl j5\b^D j
2&/2 is

not appropriate here because we will not be in the high te
perature limit. The total reorganization energyl5( jl j and
^D2&5( j^D j

2& are defined in terms of the spectral density

l5E
0

`

dv vr~v! ~9!

and

^D2&5E
0

`

dv v2 coth~\bv/2!r~v!, ~10!

again demonstrating the temperature independent naturel
and the temperature dependent nature of^D2&.

Once r~v! is determined via Eqs.~6! and ~7! at high
temperature we can then calculatet* (T) andt* (T→`) as a
function of temperature via Eqs.~5!, ~9!, and~10!. Fitting of
t* (T) at a single temperature determines the relative reo
nization energies for the different modes and the ratio of
total l ~or ^D2&! to Din , but their individual values are not s
well determined. In an attempt to refine these values, le
squares fit of Eq.~4! to t* (T→`) as a function ofT were
carried out for several fixed values ofDin . This impulsive
limit calculation requires that the influence of pulse durati
be removed from the peak shift data. Model calculatio
gave us the following empirical relation between the imp
sive limit and 22 fs pulses,
No. 12, 22 March 1997
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t* ~T→`!~0 fs!50.6344t* ~T→`!~22 fs! ~11!

The parameters obtained by this approach were t
used for full calculations oft* (T) andt* (T→`) including
the 22 fs actual pulse duration. Unfortunately, because of
length of the calculations, least squares fitting out of
impulsive limit is not yet possible.

VI. DISCUSSION

A. M(t ) and r(v)

Figure 7~a! shows a comparison of calculated and e
perimental 3PEPS data@t* (T) vs T# at 294 K and Fig. 7~b!
shows theM (t) obtained. The values of̂D2& and Din are
193 600~54402! cm22 and 500 cm21, respectively. No ex-
ponentially decaying component was required in the fitti
A Gaussian function, which is often used to describe
inertial response in liquids,16,17,26,32,51,52did not give a good
fit. Instead, a critically-damped 70 cm21 mode with a
dephasing time constant of 110 fs gave a better fit. T
M j (t) for this mode is shown in Fig. 7~b! along with the total
M (t). It has a single negative excursion and this sm
‘‘dip’’ significantly improves the fit as compared with
simple Gaussian component. The phase for this mode
set to zero, and the frequency and dephasing time cons
are slightly different than the 60 cm21 mode found in the TG

FIG. 7. ~a! Comparison of the calculated~solid line! and experimental~filled
circle! 3PEPS. ThêD2& andDin used are 193, 600~4403440! cm22 and 500
cm21, respectively.~b! M (t) ~solid line! andM j (t) of the 70 cm21 mode
~dashed line!.
J. Chem. Phys., Vol. 106,
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fitting. The TG fit has some uncertainty for such a criticall
damped low-frequency mode, since the signal time zero c
tains additional contributions.16 The values for the othe
modes are unchanged from the TG fit except for a cons
time shift of 17 fs.16 From Fig. 7~b! it can be seen that the
initial ultrafast;6 fs decay results from destructive interfe
ence of the high-frequency underdamped modes. The se
ultrafast;60 fs decay is assigned to the 70 cm21 mode.

The calculated 3PEPS signal has slightly stronger qu
tum beats than the experimental data but fits the data q
well except for the initial peak shift. The calculated initi
peak shift is always larger than the experimental value.
have studied how the calculated initial and asymptotic p
shift depend on the variables and found that~a! longer pulse
duration gives larger peak shift especially for the init
value. This effect was confirmed experimentally by meas
ing 3PEPS with a 90 fs pulse.33 ~b! A larger value of the
coupling strengtĥD2& gives a smaller peak shift;~c! faster
dynamics gives a smaller initial peak shift;~d! a largerDin
gives larger peak shift, although change in the initial value
much smaller than the change int* (T→`). To match the
initial peak shift, unreasonably large values of^D2& andDin
had to be used. The total reorganization energy,l, for IR144
is;1000 cm21 in strongly polar liquids such as alcohols an
acetonitrile.16,32We except a smaller value in PMMA since
is less polar and the diffusive process has turned into st
inhomogeneity. We also tried including high frequen
modes which cannot be impulsively excited by the 22
pulse. This is very effective when the absorption spectrum
calculated fromg(t). These modes increase the total value
^D2& and should result in a smaller initial peak shift. Th
effect however, was minor. In addition, the value of the in
tial peak shift has some uncertainty caused by the accu
of the stepping motor. When the population time is equa
zero, the 3PE signal becomes almost equivalent to a
pulse photon echo~2PE! signal.28 In future studies we will
measure the 2PE which should give a more accurate valu
initial peak shift, since 2PE requires overlap of only tw
pulses, while 3PE requires overlapping three pulses exa
to obtain peak shift atT50 fs.

As a check on the reasonableness of these paramete
calculation of the absorption spectrum at room tempera
was carried out. Figure 8 shows a comparison of calcula
and experimental absorption spectra. The calculated spe
are obtained fromg(t) via7,40,45,50

sA~v!5E
2`

`

dt exp@2 i ~v2veg!t#exp@2g~ t !#, ~12!

whereveg is the 0–0 transition frequency. Three high fr
quency modes, 946, 1265, and 1625 cm21, observed in the
Raman spectra of IR144 which cannot be excited imp
sively by the 22 fs pulse are also included in the calculati
Their phases were set to zero and dephasing time cons
were approximated to be 2 ps since dephasing of hi
frequency modes of organic molecules occur generally in
order of picoseconds.l j was used as a fitting parameter f
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these modes, and values of 106, 91, and 166 cm21 were
obtained, respectively. Values ofl5378 cm21 ~^D2&
5182 000 cm22! for the impulsively excited modes an
Din5500 cm21 give the best fit. For comparison with calcu
lations discussed below we also show a spectrum calcul
using l5243 cm21 ~^D2&5117 200 cm22! and Din5300
cm21. These parameters clearly give a spectrum that is m
too narrow.

In Fig. 8~b! experimental and calculated absorption sp
tra at 294 K and 33 K are compared. The peak of the exp
mental spectrum shifts 180 cm21 to the blue between 294 K
and 33 K presumably as a result of thermal contraction of
glass. This shift was added to the calculated curve at 3
but otherwise nothing is changed from the 300 K calculat
other than the value of the temperature. The changes in s
and width between 300 K and 33 K are extremely well
produced, under the assumption that the reorganization
ergy and inhomogeneous broadening are temperature i
pendent and that the only temperature effect is that on
population of the low-frequency portion of the spectral de
sity.

FIG. 8. ~a! Comparison of the calculated absorption spectra to the exp
mental result at 294 K~filled circle!. Values used areDin5300 cm21 and
l5243 cm21 ~dashed line! andDin5500 cm21 andl5378 cm21 ~solid line!.
~b! Comparison of the calculated absorption spectra at 300 K~solid line! and
33 K ~dashed and dotted line! usingDin5500 cm21 andl5378 cm21 to the
experimental ones at 300 K~filled circle! and 33 K~filled triangle!. Three
more high frequency modes, 946, 1265, and 1625 cm21 which cannot be
excited impulsively are added for the calculation. Theirl j ’s are 106, 91, and
166 cm21, respectively. See text for detail.
J. Chem. Phys., Vol. 106,
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The spectral density,r~v!, obtained by substituting
M (T) into Eq. ~7! is shown in Fig. 9~a!. The analytical so-
lution of Eq.~7! for an exponentially damped cosine functio
with a form of exp(2G j t)cos(v j t1f j ) is

r~v!5
2

p

v22 tanh~\bv/2!^D2&

~v j
22v21G j

2!214v2G j
2 @~G j

31v2G j1v j
2G j !

3cosf j2~v j
32v2v j1G j

2v j !sin f j # ~13!

which carries phase information.r~v! should not carry any
phase information, since phase is an experimental effec
sulting from the relation between the energy surfaces and
pump-and-probe wavelength.53 Thus all the phases were s
to zero before transformation. As a result, all the third ord
signals recalculated fromr~v! lost their phase values. Thi
did not create serious difficulty, as the initial phases were
greatly different from zero.

The peaks observed inr~v! should be assigned to eithe
~a! PMMA modes, ~b! ground state, or~c! excited state
IR144 modes. We have compared thisr~v! to a steady-state
spontaneous Raman spectrum of IR144 in acetonitrile pro
at 488 nm. All the five modes with frequencies higher th
200 cm21 were observed in the Raman spectrum. Thus th
are assigned to the modes of the ground state of IR144.
were not able to obtain a Raman spectrum of IR144 for f
quencies lower than 200 cm21. Some of the modes observe

i-
FIG. 9. ~a! r~v! of IR144 in PMMA. ~b! Comparison of the;85 cm21

mode in ther~v! ~solid line! to the librational mode observed in the spo
taneous Raman spectrum of a neat PMMA~dashed line!. Raman spectrum
of PMMA was taken from Fig. 2 of Ref. 54. The Bose factor is remove
No. 12, 22 March 1997
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in the Raman spectrum were not observed in the TG d
However, resonance effects may cause a significant dif
ence in the Raman profile for 488 and 780 nm excitation

The lowest frequency mode in the spectral density w
compared to the nonresonant Raman spectrum of PMM
The comparison is shown in Fig. 9~b!. The peak position of
this mode is now;85 cm21 since other modes are sub
tracted. The Raman spectra is taken from Ref. 54 with
Bose factor removed. There is a striking match in the p
position although the widths are slightly different. Surovts
et al. reported a small shift of the librational spectrum
PMMA caused by a softening of the structure as tempera
is increased.54 This was ignored in our calculations. The so
vation spectral density giving the inertial response in liqu
is also very similar to that in Fig. 9~b!, in accord with expec-
tations from instantaneous normal mode calcu
tions.20–23,47,48For polar solvents, however, the amplitude
this component of the spectral density is much larger tha
PMMA as can be seen by inspecting the amplitude of
quantum beat in Fig. 3 which peaks at;200 fs. The beat is
smaller in ethanol than in PMMA even though the coupli
strengths of the intramolecular modes are similar in the
solvents, reflecting the increased solvent contribution in e
anol.

The lowest frequency mode in ther~v! has a higher
frequency~89 cm21! than that obtained by fitting the room
temperature 3PEPS or TG signals. The reason for thi
shown in Fig. 10 wherer~v! is multiplied by the temperature
factor coth~\bv/2!. The population factor significantly en
hances the overall coupling strength of the low frequen
modes relative to the high frequency modes. In addition,
peak position shifts from 86 to 69 cm21 between 30 and 300
K, respectively.

B. Temperature dependence of t* (T˜`)

As can be seen from Fig. 4, when the temperature
higher than 100 K,t* (T→`) increases with decreasin
temperature. This indicates that the amplitude of the b
fluctuations is decreasing as expected. However, surp
ingly, the shift levels off and decreases below 100 K. O
explanation for this unusual behavior is a transition fro

FIG. 10. Calculated temperature dependence ofr~v!3coth~\bv/2!.
J. Chem. Phys., Vol. 106,
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intermediateto large inhomogeneous broadening limitsince
in the limit of infinite inhomogeneous broadening the pe
shift is zero in the impulsive limit. Choet al. showed that
asymptotic peak shift does not increase monotonically w
increasing inhomogeneity; see Fig. 7 of Ref. 24.

The temperature dependence oft* (T→`) calculated
from Eq. ~4! is compared with the experimental data in Fi
11~a!. Nonlinear least square fitting was carried out in t
range of 120–300 K withl being the only fitting paramete
for several fixed values ofDin . In Fig. 11~a! the calculated
results are shown with pairs of variables;~i! Din5100 cm21

andl579 cm21; ~ii ! Din5300 cm21 andl5243 cm21; and
~iii ! Din5500 cm21 andl5378 cm21 ~the parameters that fi
the absorption spectrum!. The calculated peak shift does in
crease with decreasing temperature and level off at low t
perature. However, the turnover int* (T→`) was not repro-
duced. As it can be seen, small values ofDin andl gave a
better fit, and the best fit was obtained with unphysica
small values forDin ~39.3 cm21! andl ~26.7 cm21!, clearly
inconsistent with the absorption spectrum. These values
unreasonably large values for initial peak shift; 28.4 fs with
22 fs pulse at 294 K. The initial peak shift atT50 fs with a
22 fs pulse for sets~i!, ~ii !, and~iii ! are 22.1 fs, 16.2 fs, and
14.4 fs, respectively, while the experimental value is;10 fs.

FIG. 11. Comparison of the calculated temperature dependence of th
ymptotic peak shift to the experimental result~filled circle!. Equation~4! is
used for~a!, and exact third order polarization was calculated fromg(t) for
~b!. The values used areDin5100 cm21 andl579 cm21 ~dashed and dotted
line!, Din5300 cm21 andl5243 cm21 ~dashed line!, andDin5500 cm21 and
l5378 cm21 ~solid line!.
No. 12, 22 March 1997
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

7 Nov 2013 22:02:25



m

as
lo

e
o

e
To
s
e

ve

en
g
th

e

he

e
ig
e,
k
n

K.

ro

te
r
ce
ha
er
e
th

:
by

uare

ill
gi-
s

e

of

4849Nagasawa et al.: Optical dephasing in an organic polymer glass

 This ar
An exact calculation of the peak shift using the sa
values ofDin andl is shown in Fig. 11~b!. Since Eq.~4! is
based on several approximations and only valid in theinter-
mediate inhomogeneous broadening limit,24 Din

2<^D2&, it
matches reasonably with the exact calculation only for c
~ii !. The other cases deviate drastically, especially at
temperature. The temperature dependence is too weak
case~iii ! and too strong for case~i!. A fit using the full
expressions but in the impulsive limit was carried out ev
though it was a time-consuming operation. Values
Din5100 cm21 andl597 cm21, again inconsistent with the
spectrum, gave a good fit from 150 K to 350 K. Of cours
the values also give too large initial peak shift of 20.8 fs.
sum up, the harmonic model with a constant spectral den
and a fixed partitioning between static and dynamic degr
of freedom, although qualitatively describing our data~ex-
cept for the turnover! does not seem capable of quantitati
description of the temperature dependence oft* (T→`). Al-
though one could presumably fit the temperature depend
of t* (T→`) by allowing Din to increase with decreasin
temperature, such a model would seem incompatible with
high quality fit of the 33 K absorption spectrum@Fig. 8~b!#
made under the assumption,Din ~33 K!5Din ~300 K!.

C. Calculation of the 3PE signal

The 3PE signal was also calculated from sets~ii ! and
~iii ! for Din andl described above. A comparison with th
experimental result is given in Fig. 12. The value ofT was
set to 500 fs. At room temperature~294 K!, the difference
between the two calculated signals for sets~ii ! and ~iii ! is
small, showing the insensitivity of the 3PE signal itself. T
parameters that fit the absorption spectrum@set ~iii !# fit bet-
ter, and at low temperature@Fig. 12~b!# the difference be-
comes obvious.

D. Calculation of t* (T)

Thus far we have not examined the time dependenc
the peak shift in detail. In order to facilitate comparison, F
13 showst* (T) vs T for six temperatures. For each curv
the value oft* (T→`) was subtracted and the initial pea
shifts were normalized. The lack of temperature depende
in these curves is striking. Figure 14~a! shows a comparison
of the calculatedt* (T) curves usingDin5500 cm21 and
l5378 cm21 to the experimental data at 294 K and 32
There is a striking match. The match in thet* (T→`) value
is rather accidental since calculation and experiment c
over near both temperatures@see Fig. 11~b!#. The amplitudes
of the beats increase slightly at low temperature consis
with the experimental result. It is not surprising that the ve
rapid initial drop int* (T) is temperature independent sin
it arises from the high frequency intramolecular modes t
are always in the low temperature limit. However, the int
mediate time scale from;20 fs to 170 fs is also insensitiv
to temperature, whereas the low frequency portion of
temperature weighted spectral density~Fig. 10! is strongly
temperature dependent.
J. Chem. Phys., Vol. 106,
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Returning to Eq.~5! we interpret this result as follows
At high temperature the spectral broadening is dominated
the fluctuations, i.e., the real part ofg(t). This can be seen
from the high temperature relation between the mean sq
fluctuation amplitude and the Stokes shift~2l!, ^Dv2&
52l/\b. For high enough temperature the fluctuations w
dominate over the spectral diffusion reflected by the ima
nary part ofg(t). At low temperature the situation change

FIG. 12. Comparison of the calculated and experimental 3PE signals~filled
circles! at ~a! 294 K and~b! 32 K. T is fixed at 500 fs. Values used ar
D in 5 300 cm21 and l5243 cm21 ~dashed line! andDin5500 cm21 and
l5378 cm21 ~solid line!.

FIG. 13. t* (T) vs T for six temperatures. For each curve, the value
t* (T→`) was subtracted and the initial peak shifts normalized.
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because the imaginary part ofg(t) is independent of tem
perature. Thus, it appears as if the continued importanc
the intermediate time scale in the dynamics as the temp
ture is lowered reflects a switch from broadening largely
duced by fluctuations to broadening largely resulting fro
spectral diffusion~Stokes shift!. To confirm this picture we
also calculatedt* (T) at 32 K by setting the imaginary pa
of g(t) to zero. As Fig. 14~b! shows, the purely realg(t)
calculation~dashed line! does not contain any contributio
from the intermediate time scale component at low tempe
ture, although it does at 294 K.

Returning to Fig. 14~a!, we note that the initial value o
t* (T) and the rapid decay are better reproduced at 32 K t
at 294 K. It appears as if the value oft* (T50) has a stron-
ger temperature dependence than the model predicts.
plan to investigate this point further via two and three-pu
echo studies.

E. Calculation of the TG signal

Calculation of the TG signal was also carried out f
parameter sets~ii ! and~iii !. They are compared to the exper
mental result in Fig. 15. Neither set fits the experimen
result very well. Although, set~iii !, Din5500 cm21 and

FIG. 14. ~a! Comparison of the calculated 3PEPS~solid line for 294 K and
dashed line for 32 K! with the experimental results~filled square for 294 K
and filled circle for 32 K!. Values used areDin5500 cm21 andl5378 cm21.
In both cases the calculations are based onr~v!, i.e., the phase information
is ignored. This makes the 300 K calculation slightly different than t
shown in Fig. 7~a!. ~b! Comparison of the calculated 3PEPS at 32 K w
~solid line! and without imaginary part~dashed line!.
J. Chem. Phys., Vol. 106,
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l5378 cm21, is clearly closer to the experimental curve. T
amplitude of the calculated signal increases with decrea
temperature which cannot be seen in Fig. 15 since the si
are normalized. The experimental signal seems to sho
similar trend although more precise measurement is ne
sary. The relative amplitude of the calculated cohere
spike becomes smaller at lower temperature. In the exp
mental signal, this trend is stronger. We have studied h
the calculated TG signal depends on the variables and
clude that~a! the large spike comes from a rephasing pa
way and only appears with finite pulse duration; it does
appear in impulsive limit;16 ~b! the total signal amplitude
decreases and relative amplitude of the coherence spike
creases with increasinĝD2&. This is the reason why the sig
nal amplitude increases and relative amplitude of the coh
ence spike decreases with decreasing temperature;~c! the
total amplitude also decreases with increasingDin . The rela-
tive amplitude of the coherence spike increases with incre
ing Din although the effect is much smaller than for^D2&; ~d!
the effect of detuning the laser wavelength from 0–0 tran
tion affects the intensity of the signal, although the shape
the signal is unaffected.

F. Other studies

For cresyl violet in PMMA, Ippen and co-workers34,35

observed a monotonic increase in the echo peak shift fro

t

FIG. 15. Comparison of the calculated and experimental TG signals~dots!
at ~a! 294 K and~b! 38 K. Values used areDin5300 cm21 andl5243 cm21

~dashed line! andDin5500 cm21 andl5378 cm21 ~solid line!.
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to 30 fs when temperature was decreased from 290 to 1
This is a much stronger temperature dependence than
observed. For Nile blue and oxazine 720, they were una
to observe any peak shift, even at 15 K. The tempera
dependence of the three pulse echo decay in PMMA an
polyvinylalcohol was recently reported by Bardeen a
Shank.55 For the cyanine dye, LDS750, a rapid decay clo
to the pulse duration was almost independent of tempera
while a significant temperature dependence was observe
LD690, an oxazine dye. An optical Bloch analysis was int
preted as showing that the dephasing time for LD690
creased from;10 fs to;30 fs when the temperature wa
decreased from 300 to 30 K.

It is clear that the dephasing rate depends significa
on the probe molecule, presumably as a result of variati
in the strength of coupling to the nuclear degrees of freed
These latter may be either intramolecular modes or b
modes. IR144 and LDS750 are cyanine dyes with flexi
structures which may result in a large number of displa
intramolecular modes. On the other hand, cresyl violet, N
blue, oxazine 720, and LD690 have a rigid anthracene
structure and we expect the intramolecular reorganization
ergies to be smaller. In the Raman spectrum of IR144 exc
at 488 nm, more than 25 modes can be observed. The e
of these intramolecular modes can be seen as a;6 fs decay
in the 3PEPS signal. In addition IR144 may have a lar
dipole moment change or excitation. Comparison of
Stokes shift in ethanol solution for these molecules confir
these expectations; it is 1540 cm21 for IR144 and 816 cm21,
917 cm21, and 564 cm21 for cresyl violet, Nile blue, and
oxazine 720, respectively.56 It can be seen from Fig. 11 tha
smaller coupling strength results in a stronger tempera
dependence oft* (T→`), consistent with the stronger varia
tion of t* (T→`) in cresyl violet than in IR144. From Fig
12 we can see that an echo signal with a large coup
strength is almost temperature independent while one w
small coupling becomes significantly wider at low tempe
ture. This result is qualitatively consistent with Bardeen a
Shank’s data on LD690.55

VII. CONCLUDING REMARKS

Contributions to the spectral broadening of IR144
PMMA exist on three distinct time scales. First, the intram
lecular modes produce a;6 fs component in the 3PEP
experiment. A second component with a temperature ins
sitive time scale of;60 fs is attributed to the liberationa
degrees of freedom of the glass. The spectrum of this c
ponent which peaks at 85 cm21 matches with the librationa
peak in the Raman spectrum of PMMA~Ref. 54! quite well.
A good fit to the time dependence of the peak shift@and
therefore the transition frequency correlation functionM (t)#
requires that this component undershoot zero for one o
lation. This behavior is well captured with a Brownian osc
lator model7,40,50with a very short~110 fs! dephasing time.

We attempted to model both the full time dependen
[ t* (T)] of the peak shift and the long time valu
t* (T→`). Values for the total reorganization energy~378
J. Chem. Phys., Vol. 106,
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cm21! and the inhomogeneous width~500 cm21! were ob-
tained that gave a good fit to the absorption spectra at b
300 K and 33 K.t* (T) at 32 K could be modeled using
constant spectral density and the above parameters were
sonably successful. However, the temperature dependen
t* (T→`) ~20 as/K! was not quantitatively described, an
the agreement oft* (T→`) at 32 K with the measured valu
is probably fortuitous. Provided the complex form ofg(t) is
used @equivalent to a complexM (t), rather than the rea
form which suffices at high temperature#, the time depen-
dence oft* (T) could be quite well described at low tem
perature. As temperature is lowered the imaginary portion
g(t) begins to dominate over the real portion. We interp
this as reflecting a switch from spectral broadening prima
determined by the mean square fluctuation amplitude^D2& at
high temperature, to being determined by the Stokes s
2l, ~spectral diffusion! at low temperature.

The failure to describe the temperature dependence
t* (T→`) adequately could signal the limitations of the lin
early coupled harmonic bath model used here. An anh
monic system will clearly have a different temperature d
pendence. The harmonic model becomes implausible w
vibrational frequency is much smaller than the thermal flu
tuation of the reorganization energy. The very low frequen
modes~,10 cm21! observed in room temperature solvents32

are expected to show a highly anharmonic behavior. Th
modes resulting from picosecond diffusive dynamics w
not observed in PMMA. Diffusive dynamics were treated
static inhomogeneity, since they were much slower than
experimental time scale. Anharmonicity may be significa
for the lowest frequency mode which peaks at;85 cm21

with best fit reorganization energy of 214 cm21. Finally,
Mukamel and co-workers57 suggest that non-Condon effec
could modify the observed signals significantly. A mo
complex Hamiltonian involving quadratic coupling is gene
ally used to model low temperature hole-burning data.19,58 In
this case the hole-burning experiment is described as a li
one. A corresponding theory for nonlinear spectroscopy
not yet been developed.
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