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Vibrational dephasing in molecular mixed crystails: a
picosecond time domain CARS study of pentacene in

naphthalene and benzoic acid

Koos Duppen, D. P. Weitekamp, and Douwe A. Wiersma

Picosecond Laser and Spectroscopy Laboratory, Department of Physical Chemistry, University of Groningen,

Nijenborgh 16, 9747 AG Groningen, The Netherlands
(Received 1 June 1983; accepted 31 August 1983)

Multiresonant time-domain coherent anti-Stokes Raman scattering (CARS) experiments have been employed
in a study of the decay of vibrational coherences of pentacene doped into naphthalene and benzoic acid. In all
cases, the CARS decay is found to be exponential, which indicates that the electronic and vibronic
inhomogeneities in this system are strongly correlated. The temperature dependence of vibrational dephasing
shows no effect of coupling to the lowest-frequency librational mode of pentacene that is known to dominate
electronic dephasing. This surprising result can be understood on basis of a dephasing model where rapid
coherence exchange exists between a cold vibrational transition and a corresponding near-resonant
librationally hot one. For the 767 cm™! vibrational transition, oscillations of the CARS signal as a function of
delay are shown to arise from interference at the detector with a nearby naphthalene host signal. An
inconsistency with a previously reported spontaneous Raman study is resolved by showing that the signal

observed there is actually site-selected fluorescence.

1. INTRODUCTION

A. Vibrational relaxation of polyatomic molecules in
the solid state

Remarkably little is known about the vibrational re-
laxation and dephasing of organic molecules in the solid
state. Much work has focused on relaxation within the
first excited singlet manifold S;, since it is accessible
by optical absorption, !'? unrelaxed fluorescence, ¢
photon echo, "® and hole burning®™! studies. On the
other hand, the ground state manifold is conceptually
simpler territory for vibrational studies, since here
one is free of the competing phenomena of electronic
relaxation and dephasing and the complications of multi-
ple potential energy surfaces. The methods that have
been applied to organic solid state studies of ground
state relaxation are spontaneous Raman scattering, }2-!?
infrared spectroscopy, !"?%%! both frequency, 222 and
time domain®®~® four wave mixing, and, recently, vi-
brational grating diffraction. %

For molecules with more than a few atoms, the over-
all pieture which emerges is that in the lowest tempera-
ture range the vibrational linewidth or the dephasing
time T,<2x10% ps is constant, but that a thermally acti-
vated dephasing sets in at <50 K. In the usual two level
picture the total rate of dephasing or irreversible trans-
verse relaxation can be written as

1/Ty=1/TF+1/27, , (1)

where 1/7; is the population relaxation rate and 1/ 7%
is the pure dephasing rate. The latter is theoretically
zero in the limit 7~ 0°! and the equivalence T,=2T, at
low temperature was demonstrated experimentally for
an excited state vibration using two pulse and three
pulse photon echoes. ’

The full experimental characterization of the tem-
perature dependence would require separate experi-
ments for T, and 7, allowing a separation of the pure
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dephasing and population contributions to Eq. {(1). In
the absence of such data, the practice has been to use
theoretical models for the temperature dependence of
each contribution to decide between these contributions.
In this way it is deduced that the spontaneous Raman
linewidths for ground state phonons in p-bromochloro-
benzene and p-dichlorobenzene!” and the linewidths®®
and coherence decays® for phonons in naphthalene are
lifetime limited, not only at the lowest temperature,
but also over some range of the thermal activation. On
the other hand for higher frequency modes, corre-
sponding to internal vibrations of the isolated molecule,
the temperature dependence has been attributed to 7,
processes in which the thermal activation of the low fre-
quency modes randomly modulates the observed fre-

quency through common cubic and quartic anharmonic
terms 1,2,12-14,18,18,19,24

B. Pentacene as guest in mixed molecular crystals

Because of its large S, = S, oscillator strength, con-
venient transition frequency and relatively simple struc-
ture, pentacene is a model compound for large molecule
relaxation studies. It can be doped into a number of mo-
lecular crystals and its electronic and vibronic de-
phasing in these systems have been extensively studied,
primarily with photon echo techniques.”®3® With ref-
erence to the energy level diagram of Fig. 1(a), these
studies have shown that the temperature dependent de-
phasing of the S; - S, origin w,, and various vibronic
transitions w,, is due to the independent scattering in
the ground and excited manifolds® to local phonon states
(indicated by primed kets and dotted lines), which lie
~15 cm™ above each of the unprimed phononless states.
This local phonon mode corresponds to a torsional li-
bration of the molecular plane in the intermolecular site
potential.” At temperatures where #7 2 hw,., States
with several quanta in the local mode progression (not
shown) will become significantly occupied along with the
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FIG. 1. Level diagram and phasematching for the time-domain

CARS process. (a) Coherence is prepared between ground state
la) and vibrationally excited state |5) by simultaneous pulses
at w; and w,, After a delay ¢, indicated by a break in the center,
the coherence is probed by another pulse at frequency w;. This
process is exactly resonant through the level |d), which is the
corresponding vibrational state in the electronically excited S,
manifold, The parameter A is the detuning of w; and w, from
Wy 51 +Sg) and w, respectively, The primed levels are libra-
tional (local phonon) states about 15 cm™ above the unprimed
phononless states, (b) Spatial filtering is used in the detection
to separate the delayed signal from other (two pulse) CARS sig-
nals, The desired three-pulse signal has wave vector k; =k; +k;
~k,. Subsequent frequency filtering by a monochromator is not
shown,

single phonon states 1i".

Studies of the ground state vibrational dephasing of
pentacene have been reported in two host crystals. In
benzoic acid the 756 cm™ mode was observed by fre-
quency domain coherent Stokes Raman scattering (CSRS)
from 4.2 to 200 K and found to broaden exponentially
with an activation energy of AE/hc =97 cm™.#*® The
low temperature 7, of 24 ps found in this study is con-
tradicted by time domain coherent anti-Stokes Raman
scattering (CARS), as reported previously®2® and also
by the frequency domain CARS.?* In Sec. IID we re-
turn to this point and present temperature dependent
data obtained with time domain CARS. For the system
pentacene in naphthalene a reported resonance-enhanced
spontaneous Raman study found an exponential activa-.
tion of the linewidth of the 756 and 994 cm™ modes with
AE/hc=17 cm™.% This was interpreted as implicating
the local mode in the vibrational dephasing. In Appen-
dix A we show that in fact the signals observed in that
study were fluorescence and we explain how the observed
linewidths and laser-dependent line positions arise from
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site selection in conjunction with the well-known elec-
tronic dephasing. The actual temperature dependence
of the vibrational dephasing of the 756 cm™ pentacene
mode in naphthalene obtained by delayed CARS is pre-
sented in Sec. IID.

C. Time domain CARS

The transitions indicated by arrows in Fig. 1(a) are
those involved in the coherent nonlinear spectroscopic
technique of time domain (or delayed) coherent anti-
Stokes Raman scattering (CARS), Extensive references
to the method may be found in Ref. 29. The energy level
diagram of Fig, 1(a) is split vertically to indicate the
two time periods in the experiment in which the system
interacts with the radiation. In the excitation or prepara-
tion period indicated on the left-hand side, simultaneous
pulses at optical frequencies w, =w,, — A and wy=wy, - A
cross in the sample with wave vectors k; and k,. The
difference frequency w, — w, = w,, is thus resonant with
a ground state vibrational transition and prepares a co-
herent superposition of states la) and |b). The delay
or evolution period of variable length #, follows, after
which a probe pulse of frequency w, and wave vector k.,
crosses the excited volume. As drawn, w, is exactly
resonant with a dipole allowed transition between the
ground state vibrational state |b) and an analogous state
Id) in the excited manifold. This results in the stimu-
lated emission at wy=2w, - w, being at w,,, as in the
figure. As sketched in Fig. 1(b) the direction of this
emission isk; =k; + k;» —k,, which allows spatial filter-
ing as well as frequency filtering (not shown) of the sig-
nal. The amplitude of this emitted field is proportional
to the amplitude of the vibrational coherence between
la) and |b) which remains at the time of the probe pulse.

An extensive discussion of this delayed CARS experi-
ment in these systems is given elsewhere.?® There the
principal goal was the development and demonstration
of a formalism for the calculation of the dependence of
the signals on the pulses to all powers of the applied
fields. The use of intense pulses is motivated by the
desire to excite over a range of vibrational and elec-
tronic frequencies, while taking maximum advantage of
the signal enhancement possible near electronic reso-
nance. Experimental aspects treated were optimization
of the probe pulse energy and the role of free induction
decay at wy, in the observed signal.

For the present purpose of studying vibrational de-
phasing it is only necessary to realize that with all
pulse intensities fixed the CARS signal intensity decays
as exp(— 24,/ T,) where T,=T% is the transverse decay
time for the two level subspace consisting of [a) and
|b). By varying w; and w, the identities of the states la-
beled |b) and |d) are changed and different modes are
studied.

Il. RESULTS AND DISCUSSION

A. Experimental

Pentacene (Fluka) was used without purification and
added to zone refined naphthalene or benzoic acid.
Crystals were grown by the Bridgman method with a
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final concentration of 10 M/M. These were cut along
the a~-§ cleavage plane to a thickness of 0.4 to 1.0 mm
and mounted in a variable temperature He cryostat.
The light polarization was along the b axis of the naph-
thalene crystals and the a axis of the benzoic acid crys-
tals.

The system of pentacene in benzoic acid is known to
undergo, with low quantum yields, a number of photon
induced site rearrangements which lead to spectro-
scopically distinct environments for the pentacene
guest.® %" These processes have no apparent effect on
the delayed CARS signals; the scans were reproducible
and showed no measurable change with time at fixed
delay.

The light source is two synchronously pumped dye
lasers with Rh 6G and Rh B used for the frequencies
wy and w,, respectively. These pulses were amplified
in two-stage dye cell amplifiers pumped at 10 Hz by the
second harmonic of a Nd~YAG laser. The amplifiers
contained Rh 8G for w; and Rh B for w, in the case of
pentacene in benzoic acid and Rh B and Rh 101, re-
spectively, when pentacene in naphthalene was studied.

For all delayed CARS experiments the pulses at w,
and w, have an intensity FWHM of 6 ps. For the fre-
quency domain CARS measurements and for fluorescence
line narrowing experiments this was increased to 85 ps
by inserting in each cavity a high free spectral range
etalon (Spectra Physics) and a 3 mm quartz plate. Ad-
ditional details and a diagram of the experimental ar-
rangement may be found in Ref. 29.

B. Frequency dependence of the signals

While the information on vibrational dephasing is
from time domain CARS experiments, it is first neces-
sary to demonstrate that the signals do in fact arise
from the guest resonances of interest. To this end the
CARS signals arising from coincident w, and w, pulses
were studied as a function of the frequencies w, and w,.
The laser linewidth is transform limited to ~0.2 cm™.

Figure 2 shows such an experiment on the system
pentacene in benzoic acid at two different power levels.
The frequencies w, and w, were changed together at a
fixed difference of (w, - w,)/2mc =756 cm™ corresponding
to a ground state fundamental of pentacene which is
prominent in the fluorescence spectrum.? A single
resonance is observed at 27c/w, =5884.8 A. This cor-
responds to w; =wy, of Fig. 1(a) and is a resonance pre-
dicted both in the x**’ formalism?'* and in the nonper-
turbative approach.?®

The ~1 em™ width of this resonance at low power
(0.2 uJ/pulse at w, and w,, solid curve in Fig. 2) is
consistent with the inhomogeneous width of the w,, elec-
tronic transition which must be similar to that of the
Waq OF wgy transitions [Fig. 1(a)] observable in absorp-
tion and fluorescence, respectively.

At high power (2.0 pJ/pulse at w; and w,) the reso-
nance broadens to ~8 cm™ (dashed curve of Fig. 2).
This can be qualitatively explained as power broadening
on the wy, transition. The results of probe pulse satura-
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FIG. 2. Normalized CARS intensity in a two~pulse frequency

domain experiment on pentacene in benzoic acid. The frequency

of both lasers is changed simultaneously with a fixed energy dif-
!, The two possible electronic resonance

ference of 756 cm™,
enhancements are indicated by arrows, The solid curve is ob-

tained with low laser power (0, 2 4 J/pulse), At ten times greate:
energy (dashed curve) power broadening is evident,

tion studies in the delayed experiment?® show that the
Rabi frequency at beam center for this transition, pulse
length, and pulse energy is ~6 cm™!.

A second resonance is possible at w, =w,. This sig-
nal must be at least three orders of magnitude smaller
under the present conditions, since it is not visible in
Fig. 2. While a quantitative explanation for this is
lacking, it should be noted that the absorption of w; at
this frequency is nearly complete. Thus the CARS gen-
eration is not uniform over the path of the beams through
the crystal, as is the case when w, =w,,. Attempts to
repeat this experiment on lower concentration crystals
(4%10°" M/M) were unsuccessful, neither resonance is
seen. This illustrates the quadratic dependence of
these coherent signals on number density. It is possi-
ble that at some intermediate concentration the missing
resonance would be seen,

Identical results to those in Fig. 2 were found for
pentacene in naphthalene, except that in this host 25c/
wg, =6030.9 A, In addition, in this host the vibrational
resonance was demonstrated by varying w, with w, fixed
at wgy. Another confirmation of the identity of the de-
layed signal is the agreement of the low temperature
decay with the narrowed spontaneous emission linewidth
at wg,. This is discussed in Appendix A.

C. Low temperature dephasing

Figure 3 shows a typical decay as a function of the
probe pulse delay ¢ for the time domain CARS experi-
ment. The transition is the 756 cm™ vibration of pen-
tacene in naphthalene at 4.2 K. The preparation pulse
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PENTACENE /NAPHTHALENE {107°M/M)
756 cm~' VIBRATION

T2 _ 51 psec
2

CARS INTENSITY

9 100
PROBE PULSE DELAY (psec)

T T
200 300
FIG. 3. Time domain CARS intensity as a function of the probe

pulse delay for the 756 cm! vibration of pentacene in naphthalene
at 4,2 K.

energies are 25 nJ at w; and 30 nJ at w,. The probe
pulse energy is 35 nJ. Note that the noise level de-
creases with the signal level. This is an indication
that the noise is dominated by instabilities from shot to
shot. After an initial period on the order of the pulse
cross correlation the decay is exponential.

This is more readily seen in the logarithmic plot of
Fig. 4. The lower curve is the same data as in Fig.
3. The middle and upper curves are the same experi-
ment with the energy of all pulses increased by a factor
of 10 and 100, respectively, Perturbation theory pre-
dicts an increase by 10 between the successive curves
(linearity in each of the three applied pulses). The ob-
served increases are far less in both the delayed signal
and the #; ~ 0 signal. The latter signal, which is present
only in the region of pulse overlap, may have contribu-
tions from the host.?2™2% The saturation of the delayed
signal is largely due to the probe process and this has
been studied in detail, %

Comparison of the three curves shows that there is no
measurable dependence of the decay time 7,/2=51%3
ps on pulse power, This illustrates a fundamental ad-
vantage of time domain experiments: they measure the
free evolution of the system in the absence of applied
fields.

The logarithmic plots for several pentacene vibra-
tions in the benzoic acid host are shown in Fig. 5. The
lowest curve in Fig. 5 is for the 260 ecm™ vibration and
the 5.5 ps decay is dominated by the cross correlation
of the pulses. This indicates the time resolution of the
experiment, which has contributions from both the pulse
length and from timing jitter between w; and w,.

Table I summarizes the low temperature results for
the different vibrations observed in the two hosts. For

Duppen, Weitekamp, and Wiersma: Vibrational dephasing in molecular mixed crystals

TABLE 1. Low-temperature dephasing times for various
ground manifold pentacene vibrations w,, in two host crystals,
Frequencies are in cm™, Also listed are the corresponding
excited state frequencies w,, and the laser offsets A used as
in the scheme of Fig. 1(a).

Host we/27c wye/27C a/2me T, (ps)
Benzoic acid 260 258 2 6
Benzoic acid 355 339 16 34
Benzoic acid 501 490 11 45
Benzoic acid 603 598 5 53
Benzoic acid 756 747 9 70
Benzoic acid 763 761 2 18
Benzoic acid 789 791 -2 59
Naphthalene 756 747 9 101
Naphthalene 767 763 4 120

each experiment it was possible to observe the vibronic
transitions at w,, and w,, in absorption and fluorescence
respectively and thus to choose the frequencies of w,
and w, according to the scheme of Fig, 1(a). Inall
cases the decay was measured over two to three de-
cades after the initial nonexponential region of pulse
overlap and found to be exponential. This suggests that
inhomogeneity of the vibrational frequencies is negligi~
ble. This is not unexpected; if the fractional inhomo-
geneity of a vibrational frequency is the same as for an
electronic transition in these systems (~1 cm™/1.6
x10% cm™), then its contribution is unobservably small
on the time scale of the exponential T,.

As discussed in connection with Eq. (1), these values
for the low temperature limits of the vibrational T, are
More specifically,

expected to be 2 T3. since the lower

COHERENT ANTI.STOKES INTENSITY (arb.units)

of

1 1 1

100 200 300
PROBE PULSE DELAY (psec)

FIG. 4. Logarithmic plot of the CARS intensity as a function of
the probe pulse delay for the 756 cm’! vibration of pentacene in
naphthalene at 4, 2 K. The lower trace (®) is the decay of Fig.3,
which is taken at pulse energies of 30 nJ. In the curves above
all the pulse intengities have been increased by a factor of 10
(0) and 100 (x), respectively,
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FIG. 5. Logarithmic plot of the CARS
decay for different vibrations of pentacene
in benzoic acid, The intensities are nor-
malized to one at zero delay., ¥From top to
to bottom, the four lines are fits to the
exponential decays for the vibrations at
756 cm™ (X, T,=70ps), 603cm™ (o, T,
=53 ps), 355 cm™ (e, T,=34 ps) and

260 cm™ (+). This last decay is dominated
by the cross correlation of the pulses,
which is largely due to the timing jitter
between the w; and w, pulses,

0 S0 100

PROBE PULSE DELAY (PSEC)

state la) of the transition is always the stable ground
state, (7)) is the rate out of |b). Even from the limited
data of Table I it is evident that there is no simple sys-
tematic dependence of the low temperature population
relaxation on vibrational energy in this spectral region.
The same conclusion was drawn for the excited state
vibrations of pentacene® and porphins!®!! on the basis

of photon echo and hole burning studies at low tempera-
ture. The host dependence of the dephasing times also
suggests that any understanding will have to include a
model of the differences in intermolecular interactions.
On the other hand, it would be premature to assume that
the vibrational energy of the guest is directly delocalized
into host degrees of freedom. The possible role of low-
er guest modes as intermediates in the radiationless
decay route is a subject of continuing research.

D. Temperature dependence of the vibrational
dephasing

As mentioned in Sec. IB, an important motivation
for the present study is the question of the role of the
local phonon in the vibrational relaxation. In the lower
curve of Fig. 6, the linewidth of the w,,/2nc =756 ¢cm™
mode of pentacene in naphthalene is plotted as a function
of temperature. This linewidth is (7c7,)™, with 7, de-
termined by the time domain CARS experiment. For
comparison, the upper curve is the analogous homoge-
neous linewidth for the vibronic transition w,, deter-
mined by Hesselink and Wiersma’ with two pulse photon
echoes. For this vibronic dephasing Eq. (1) applies
again with T, being the lifetime of the excited state vi-
bration [Id) in Fig. 1(a)] and T} given by the optical-
Redfield theory of De Bree and Wiersma® as

1/TF =317} exp(= hwyeo/kT)
+77 exp(— hwyey/RT)] . 2)

Here 7, and 74 are the spontaneous decay rates from
la’) to la) and ld") to |d), respectively, Egquation (2)
incorporates the assumption of independent scattering
of the local phonon in the ground and excited states and
generally the ground and excited state parameters dif-
fer, 7,33

Evidently, the vibrational dephasing is insensitive to
the thermal activation of local phonon scattering, be-
coming only slightly more rapid over the temperature

0.6
Q.5
e
L
204
=
a
=
Y03
]
0.2
o M
A 1 1 1 1 A
0 10 20 30 50 60

40
TEMPERATURE (K]

FIG, 6, Temperature dependence of the linewidth of the 756
em™! yibrational transition (wyq) of pentacene in naphthalene as
determined by time resolved CARS (open circles, lower trace)
and of the 747 em™! vibronic transition (wy) as determined by
two pulse photon echoes (Ref. 7) (closed circles, upper trace).
The solid lines are fits to Eq. (4) with AE /hc =60 cm™ and

T, (=) =55 ps for the ground state vibration and AE /hc =17 cm™
and T¥ (») =6 ps for the vibronic transition, The latter values
represent a two parameter approximation to Eq, (3), See

Ref, 7.
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range where the Bose-Einstein thermal average local
phonon occupation number [exp(hw;;/kT)~1]" ranges
from ~107 to ~1,8. A form analogous to Eq. (2) with
16 as the final state is not consistent with the data.
Thus independent phonon scattering in la) and 1) is
ruled out. One way in which the effect of the local pho-
non could be attenuated is if the phonon scattering in

la) and 1b) is correlated and if the change in vibrational
frequency 6 = wyr s — w,, is sufficiently small that rapid
frequency averaging occurs on the time scale of 7T,.
This is the limit of fast exchange!?~'4:% and leads to the
temperature dependent pure dephasing contribution

1/ T3 =627, exp(- hw/kT) (1 + 0%71%) , (3)

where w=3 (wprp + Wyeqe ) 18 the average phonon frequency
and 7, is the decay rate of 1b”) into 1) or la’) into la),
which are necessarily identical in this model. The pre-
exponential factor here is to a good approximation 6%,
which is a factor of (67, 2 smaller than for the case of
uncorrelated scattering appropriate to electronic and
vibronic dephasing [Eq. (2)].

With the values of 7,,=3.5 ps and w/2mc =18 cm™
taken from the electronic dephasing studies’ and with
T, assumed to be constant, no satisfactory fit was pos-
sible with Eq. (3) to the CARS data on Fig. 6 for any 4.
The situation is similar in the benzoic acid host (Fig.
7), where T, has a greater variation over the available
temperature range. No fit with an activation parameter
near the local phonon frequency w/2mc 16 cm™ 383940
was possible with any preexponential factor. Thus the
thermal activation of the vibrational T, at the local pho-
non energy is negligible. Since the phonon is known to
be present, the system is undergoing fast exchange in
the sense that 6 is less than the low temperature vibra-
tional linewidth.

The equality of the phonon energies and lifetimes de-
duced here for different states of the ground state mani-
fold is consistent with the similar conclusion for the S
manifold made on the basis of temperature dependent
photon echo studies at different vibronic frequencies. ™8
However, the present ground state results establish
these equalities more directly and with far narrower
limits. Comparable results in the excited manifold
should be possible with delayed CSRS.?® It appears
though that within either manifold separately the local
phonon is to a good approximation a separable degree
of freedom.

Evidently another mechanism is needed to explain the
reduction of T, with temperature and this must involve
higher energy excitations to be consistent with the ex-
tended region of nearly constant 7, at the lowest tem-
peratures. A more general form than Eq. (3) is the
Arrhenius form:

1/T§ =[1/T§(=)] exp(~ AE/ET) 4)

with arbitrary parameters 7%(~) and AE. Such a fit
could point to some other low frequency mode of energy
AE acting either within an exchange model [Eq. (3)] or
the more general dynamic coupling model.*' It could
also point to the interaction of the observed fundamental
at 756 cm™ with another nearby fundamental through
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FIG. 7. Temperature dependence ofthe linewidth of the 756 em™
vibrational transition of pentacene in benzoic acid. The fitted
curve is of the form of Eq. (4) with AE /he =65 cm™! and T3 ()
=8 ps.

quartic off diagonal terms involving a mode of energy
AE. %

The results of fitting to Eq. (4) are, for the naphtha-
lene host (Fig. 6), T¥(«)=55'3 ps and AE/hc=60+25
cm™. For the benzoic acid host (Fig. 7) the corre-
sponding parameters are T¥ =877 ps and AE/hc +15 cm™,
The error ranges for the two parameters are correlated,
the high range of 7% («) being associated with the low
range of AE/hc. The large uncertainty for the naptha-
lene host is due to the small temperature dependence in
that system.

The fit in the benzoic acid system is more definite
and in addition for this system comparison can be made
with results obtained with frequency domain four wave
mixing on the same 756 cm™ ground state transi-
tion, 2@~24©) Using a CSRS arrangement with w, = w,,
and w, tuned near w,,, the parameters T§(«)=1.0 ps
and AE/hc =97 em™ were found from the temperature
dependent width of the resonance at w; — w, = w,,. Note
that the activation parameters in the caption of Fig. 3 of
Ref. 24(a) should be multiplied by log.x/log,ox =2.30 to
correct a numerical error®*™ and that these then cor-
respond to 1/2nc T¥(») in the present context [Eqs. (1)
and (4)]. That data set extends to higher temperatures
(40-200 K) inaccessible in the present time domain
CARS experiments, but shows total linewidths at lower
temperatures greater by a factor of 3 than those given
in Fig. 7. Recently, the frequency domain CARS ex~
periment has been reported at low temperature, 2
The linewidth with this method is 50% greater than the
asymptotic value of Fig. 7. No error limits are cited.

It has been suggested®*(® that the failure of the fre-
quency domain CSRS experiment®*® to measure the
ground state vibrational T, is evidence for the imper-
fect correlation of the inhomogeneous distributions of
the different electronic transitions.
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Continuation to higher temperatures of the results ob-
tained here is evidently needed to establish the ade-
quacy of a single exponential form, This is currently
impeded by two phenomena. At higher temperatures
vibrational dephasing becomes comparable to the time
resolution of the apparatus, which is limited to ~6 ps
by a combination of pulse width and timing jitter between
the w; and w, pulses. The time resolution problem is
exacerbated by a decline in signal size at higher tem-
peratures. As we know from the temperature depen-
dent electronic and vibronic dephasing studies, these
transverse relaxation times become shorter than the
time scale of the pulses. This decreases the efficiency
of both the preparation and probing processes in this
near-resonant regime. Both difficulties would be miti-
gated by using shorter pulses.

It is interesting that the best fit activation energies
found in the two different hosts are similar despite the
different preexponential factors. These energies are
in the range expected for host librations or a higher en-
ergy guest libration. Additional spectroscopic evidence
is needed to make a definite assignment of the mode
responsible and to rationalize the preexponential factors.

Finally, it should be emphasized that the possibility
of a temperature dependent T, has been set aside in in-
terpreting the data in terms of Eq. (4). Experiments
which independently measure 7, are possible®® and
should allow this issue to be checked.

E. Guest-host quantum beats

For the majority of the modes studied, it was possible
to neglect the host contributions entirely when consider-
ing the delayed signal. An exception is the 767 cm™ vi-
bration of pentacene in naphthalene, whose CARS decay
is shown in Fig. 8. Pronounced beats are ocbserved in
the signal, indicating the presence of two nondegenerate
contributions to the decay. The beat period of 34.5 ps
indicates a frequency separation of ~1 cm™. Thus the
second component can be assigned to the 766 cm™ vi-
bration of the host, which has already been characterized

CARS INTENSITY (arb. units)

PENTACENEU NAPHTHALENE
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in a delayed CARS study of pure naphthalene.® The re-
ported assignment for these transitions indicates that
they are analogous C—C stretch modes in the two dif-
ferent molecules.

The simulation in Fig. 8 is a fit to the form

I(t)= |a exp(~ t;/ T3) + b exp(i¢,) exp(~ £,/ T3)|?
=af exp(~ 2,/ T3) + b exp(— 24,/ T3} + 2ab cos(pp + Awt)

xexp{-t, [(1/TH+1/THT}, (5)

where the real parameters a=0.2 and 5=0. 8 are the
amplitudes of the two fields interfering at the detector
and ¢, = ¢2 + Awt, is their phase difference, which is
time dependent due to the frequency difference Aw. The
naphthalene dephasing time T5=156 ps is taken to be
identical with that measured in the pure crystal.? The
pentacene dephasing time of 74 =120+10 ps is a fitting
parameter. Both the dephasing times and the splitting
Aw/27=29 GHz were constant to 20 K. The fact that
the pentacene mode retains its identity as a separate
and relatively narrow transition indicates that it lies
outside the naphthalene vibron band whose %2=0 edge is
involved in the beating. This confirms the earlier con-
clusion® that this band is well under 1 ¢cm™ in width.

The ¢, =0 phase shift ¢ is fit as 27/3. No simple
explanation of this particular value seems possible.
The preparation pulses are nearly resonant with elec-
tronic transitions for pentacene and nonresonant for
naphthalene. In addition, the phases of the relevant
dipole matrix elements are not known.

The inset of Fig. 8 shows the frequency distribution
of the delayed signal around w; =2w, ~ w, obtained at
fixed delay by scanning the monochromator at high reso-
lution. Although the 1 cm™ splitting between the ex-
pected line centers (arrows) is not resolved, it was pos-
sible to vary the depth of the beat pattern by setting the
monochromator at different points and scanning the de-
lay. This suggests that indeed the signal consists of
two contributions unresolved in the short (~ 6 ps) probe

FIG, 8, Interference between the
CARS decay of the 767 cm™ vibra-
tion of pentacene in naphthalene
and the 766 cm™! £ =0 states of a
naphthalene vibron band, The
solid line is a fit to Eq, (5) with
beat frequency Aw/2r =29 GHz,
zero delay phase shift ¢ =120°,
and naphthalene and pentacene
phase relaxation times T3 =156

ps and T$=120 ps. The inset

CARS INTENSITY (arb. units)

5760
ANTI STOKES WAVELENGTH (A)

shows the frequency distribution
of the signal around w;, taken at
a maximum in the CARS decay.
The two components indicated by
arrows are not well resolved in
this dimension due to the short
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process, but well resolved during the evolution period
of several hundred picoseconds.

11l CONCLUSION

The delayed CARS experiment appears to offer an un-
ambiguous and sensitive method of studying the dephas-
ing of Raman-allowed ground state vibrational transi-
tions even in dilute systems. Enhancement by multiple
electronic resonances provides a high degree of selec-
tivity which will be valuable in systems where several
sites or several molecular species are present. The
rapid advances being made in the power, tunability,
repetition rate, and pulse lengths of lasers insure that
the technique will become more widely applicable and
available. Together with population relaxation studies,
this method permits a detailed view of the return of a
vibrationally excited guest to equilibrium.

The present results establish the applicability of the
method to a number of vibrations and the exponential
decays observed justify the analysis of the linewidths
in terms of homogeneous broadening mechanisms. The
temperature dependent results on the 756 em™ mode
indicate that it is possible for a skeletal vibration to be
unaffected by the motion associated with one low fre-
quency mode, but to be sensitive to another. Such situa-
tions are known also for C-H and C-D stretches of pure
and isotopically mixed crystals of durene. 2™

Chemically mixed molecular crystals offer the addi-
tional experimental freedom of substantially varying the
environment of the observed molecule., Indeed we find
differences between the naphthalene and benzoic acid
hosts in both the lifetime limited low temperature limit
and in the sensitivity of 7, to temperature. A full un-
derstanding of these effects would seem to require the
construction of models with the predictive power to re-
late such results to intermolecular potentials. In the
context of such a model, results such as those presented
would constitute extremely detailed probes of site struc-
ture and motion.
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APPENDIX A

The weak temperature dependence of T, for the 756
em™? mode of pentacene in naphthalene (Sec, IID) con-
tradicts the conclusions of previous work where near-
resonant spontaneous Raman scattering of this mode
was reported.® In both that study, performed with a
cw laser, and in a replication of it with 85 ps pulses, #
two spontaneous emission lines were observed (Fig. 2
of Ref. 34) with irradiation several cm™ to either side
of the origin, One line has the inhomogeneous width
(e.g., 1.3 em™ %) characteristic of the sample and is
centered at w,,, the average of w,, over the inhomoge-
neous distribution. The second component is at w,

- 756 em™, following the laser frequency as expected

Duppen, Weitekamp, and Wiersma: Vibrational dephasing in molecular mixed crystals

for Raman scattering. The low temperature linewidth
for this emission was consistent with that found by time
domain CARS (Table 1) and is attributable to a value of
27,=101 ps. The temperature dependence of this line-
width, when interpreted as 1/ncT, [Eq. (1)], was fit to
the form of Eq. (4) with 7¥(=)=2.4 ps and 8E/hc =17
em™, This is inconsistent with the CARS results.

We have now determined that this signal is not Raman
scattering from the bulk of the pentacene molecules,
which are off resonance by a few cm™, but is actually
spontaneous emission from molecules directly resonant
with the incident frequency w;. As suggested earlier, *
an unambiguous distinction can be made by time resolving
the emission. This is done by time resolved single pho-
ton counting of the dispersed emission with standard
techniques while irradiating with 0.2 cm™ (85 ps) pulses
5.5 cm™ to the red or blue of w,,. The time resolution
is 2 ns. The peak at w; — 756 cm™ was found to decay
to nearly half of its maximum in the 12,5 ns window be-
tween pulses. This is consistent with the known fluo-
rescence lifetime of 19,5 ns.” It is totally inconsistent
with an interpretation of the signal as near-resonant
Raman scattering, which would be absent between pul-
ses. The inhomogeneous emission peak at w., = W,

- 756 cm™ shows the same time resolved behavior.

It remains to explain why this system shows two fluo-
rescence maxima for a single ground state vibration,
why one of them is free from inhomogeneous broadening
and tracks the laser frequency, why the preexponential
linewidth parameter for this component is twice the value
found for the electronic and vibronic transitions studied
by photon echoes, %32 and why no genuine near-reso-
nant Raman scattering is observed.

To answer these questions we need to express the
fluorescence intensity as a function of the detected fre-
quency w and incident frequency wy, taking into account
the inhomogeneous distributions of electronic and vi-
bronic transition frequencies centered at w,, and w.
Let Lg(w — w,,) be the (Lorentzian) probability that a
photon of frequency w is emitted by 2 molecule in the
inhomogeneous distribution having w,, as the center fre-
quency for its l¢)~ 1) transition. Similarly, let
L ,(wy, - w,,) be the cross section for absorption of a2
laser photon at w; by a molecule with its origin cen-
tered at w,,. Let P(w, — w,,) be the inhomogeneous
distribution relevant to absorption, i.e., the probability
that a molecule has its origin at w.,. We know that the
inhomogeneous distributions around w,, and w,, are
highly correlated, since, if this were not the case, the
CARS observations of Sec. IIC would have shown an in-
homogeneous vibrational frequency w,,. Assume then
that the correlation of distributions is perfect. Finally,
assume there is no spectral diffusion on the time scale
of the fluorescence. With these last two assumptions
the probability that a photon absorbed by a transition
centered at w,, is emitted by a transition centered at
w,p is proportional to 8(w., - Kw,,), where K=w.,/Ws.

The desired spectrum is the product of these four
probabilities integrated over the individual center fre-
quencies w,, and w.:
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I(w, w)=C f‘ f: Lg(w - we) La(wy = weq)

(A1)

The constant C contains all geometric and cross section
factors having negligible frequency dependence over the
small range of interest. It also includes the incident
intensity, which is assumed to be nonsaturating. The
laser linewidth and monochromator resolution are as-
sumed in Eq. (Al) to contribute negligibly. At the lower
temperatures where these were significant, they were
deconvoluted.**** The 5 function makes the integral
over w,, trivial giving

XP(wca - aca) G(w,, - chb) dwcu dwcb .

Lw,00)=C [ Li(w=wg) Lytws - Kog)

(A2)

Suppose that the distribution P has the constant value p
over the region where the product of the other factors
in the integrand is significant. Then the emission spec-
trum is

X P(Kwgy - aca) dwey .

1w, @5)=pC [ La(w - wep) Lalwoy = Kugp)dws  (A3)

which is the convolution of the homogeneous absorption
and emission linewidths. For Lorentzian lines this
convolution is also Lorentzian and the observed FWHM
is just the sum of contributions from absorption and
emission:

Vi slem™)=1/mcTE +1/mc T . (A4)

Each of the two contributions has the form of Eq. (1)
with essentially identical TF contributions given by Eq.

@).

The low temperature limits of the two contributions
are different. For the absorption process Ic)~ la),
T, =7, which contributes a negligible 2.7x10™ em™ to
Eq. (A4). Thus the observed low temperature limit of
0.10 cm™ is due to the 7, term in the emission process,
which is essentially the lifetime of 15).

The situation just described is that of fluorescence
line narrowing.*™* The emission tracks the laser
frequency and the width is given by Eq. (A4) so long as
wy is in a flat portion of the inhomogeneous distribution.
If this picture is applicable it accounts for the position,
temperature dependent width, and persistence of the sig-
nal after the pulse ends.

What distinguishes this situation from previous exam-
ples of fluorescence line narrowing, is that usually the
irradiation is at the center of the inhomogeneous distri-
bution. Then p=P(0) in Eq. (A3) and the flatness re-
quirement for P used in passing from Eq. (A2) to Eq.
(A3) is simply that the inhomogeneous width is much
greater than the homogeneous widths. In the present
situation, where the irradiation is up to 9 cm™ from the
center of the 1.3 cm™ inhomogeneous origin, * a Gauss-
ian P(w,, - @,,) would be both rapidly falling [so that
Eq. (A3) would not apply] and so small as to make any
detectable resonant emission unlikely. We are thus led
to suspect that the inhomogeneous distribution is not a
simple Gaussian, but rather that the 1.3 cm™ wide part
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of this distribution observed® sits on top of another
component, which is at least an order of magnitude
broader.

Two additional observations support this view. When
a focused beam is used in these experiments, the intensity
ratio of the narrowed resonant emission to the inhomo-
geneously broadened emission from the peak of the dis-
tribution is greater when the beam scatters from an im-
perfection at the front surface than when it passes clear-
ly through the center of the crystal. This leads to the
suspicion that the broad component of the inhomogeneous
distribution is not uniformly distributed in the crystal
volume.

This notion is confirmed by removing the lens be-
fore the cryostat so that the crystal is approximately
uniformly irradiated. The image of the crystal, mag-
nified to several cm, can then be scanned over the en-
trance slit of the monochromator. The ratio of the nar-
row to broad emission is observed to be a factor of 7
greater at an edge of the image than at the center. The
crystals are attached at their edges with opaque tape
over a 3 mm hole in the copper sample holder. Thus
the edges of the image correspond to the visible points
nearest to contact with the tape or the copper. The
broad inhomogeneity may arise from local strain at
these points.

The phenomena described here adequately account
for the original observations, ** but leave open the ques-
tion of why near-resonant Raman scattering is not ob-
served from the bulk of the pentacene molecules. On
the basis of a three level model (la), 1b), lc) of Fig.

1) and continuous irradiation, the Raman scattering
should exceed at low temperatures the inhomogeneous
fluorescence centered at . This is because there is

no pure dephasing to lead to significant population of
|C>. 5,32,34,44

The inadequacy of this model may be the neglect of
the oscillator strengths of the phonon sideband and the
hot transitions from ground manifold phonon states. The
absorption spectrum of pentacene in naphthalene’ shows
a largely unresolved phonon sideband with most of its
oscillator strength into states which are higher than the
fundamental Ic’) of the local phonon, but less than ~75
em™ from the origin. The diffuse contribution to ab-
sorption on the blue side leads to fluorescence with little
associated Raman scattering, since the phonon lifetimes
of the absorbing states will be of the order of 7, =11 ps,”
which is far shorter than the radiative lifetime. In ad-
dition the broad hot transition Ic”)~ la’) is centered
~4 cm™ to the red of the origin” and similarly leads to
a dominant fluorescence contribution. Finally we note
that any broadband background light would lead to fluo-~
rescence from w,, without measurable Raman scatter-
ing. The experiment can only be done with those laser
frequencies near enough to the origin for signal to be
seen, but distant enough that the two emissions are re-
solved. It is precisely for these frequencies that a three
level picture fails to account for all sources of fluores-
cence excitation and where any genuine Raman is masked
by site-selected fluorescence from the broad inhomo-
geneous component.
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