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Picosecond time-resolved CSRS study of vibrational dephasing 
of bulk modes perturbed by electronic state of dilute impurities 
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We have found that the decays of vibrons are mode-specifically perturbed by the impurity electronic state. We observe normal 
decay time for the 511 cm-’ vibron and shorter decay times for the 766 and 1385 cm-’ vibrons of host molecules (naphthalene) 
when the excitation energy is tuned into the electronic transition of guest molecules (pentacene). Isotopic study elucidates that 
shorter decay time of the 766 cm-’ signal, measured from the time-resolved CSRS spectra, is actually due to the vibrational 
dephasing of the 767 cm- ’ mode of pentacene impurity molecule. Possible mechanisms are proposed to explain the impurity 
perturbed domains effect on the dephasing of the 1385 cm-’ vibron, but not of the 511 and 766 cm-’ vibrons. 

1. Introduction 

Time-resolved CARS has been utilized to measure 
the vibrational dephasing in mixed molecular crys- 
tals for a better understanding of the vibrational dy- 
namics in solids [ l-5 1. Wiersma and co-workers in- 
troduced the multi-resonant ps CARS to study the 
vibrational relaxation of impurity [ 6,7 1. Fayer and 
co-workers used this resonance-enhanced method to 
probe the coupling between impurity electronic states 
and bulk photons [ 81. Recently, we employed this 
technique to examine the effect of electron-phonon 
coupling on the vibrational dynamics of the host vi- 
bron in a mixed crystal [9]. The study of the elec- 
tron-phonon coupling is important for understand- 
ing the fundamental nature of the following processes: 
the optical dephasing in molecular crystal [l-16], 
the cooling of hot electrons in a thin metal film [ 171, 
the relaxation of the resistance of a superconductor 
[ 18 1, and the functioning of proteins and mem- 
branes in biological systems [ 191. 

In our previous work [ 91, we used multi-resonant 
time-resolved CSRS spectra to measure the decay 
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time of 1385 cm-’ mode of naphthalene (NPH) in 
the mixed crystals of pentacene (PT) doped in NPH. 
We found that shorter decay times of this mode were 
observed when the pump pulse was tuned to the elec- 
tronic transition of PT (on-resonance). Since the 
1385 cm- ’ vibron of a host molecule near the im- 
purity molecule is perturbed by the electron-phonon 
interaction between the impurity and host mole- 
cules, this particular host molecule would have dif- 
ferent local modes from the bulk host molecule. The 
impurity perturbed domains (IPD) model was used 
to describe the shorter decay time on resonance 
[ 8,9], Furthermore, a temperature dependence study 
on the decay time of this mode showed an inverse 
temperature effect; decay times observed at higher 
temperatures ( ~25 K) were longer than those ob- 
served at low temperatures ( x6 K). This inverse 
temperature effect was interpreted by using the Bom- 
Oppenheimer (BO) approximation model of vibra- 
tional relaxation [ 9,20-221. An average phonon fre- 
quency of 20 cm-’ obtained from the simulation us- 
ing BO model implies that a decay channel from the 
1385 cm-’ vibron to the 1365 cm-’ vibron may be 
important for the shorter decay time on-resonance. 
The enhancement of this decay channel is probably 
closely related to the pseudolocal phonon mode at 
~18 cm-’ via electron-phonon coupling [ 121. 
Therefore, we proposed that the phonon distribution 
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of 20 cm-l perturbed by the impurity excitation may 
be responsible for the shorter decay time in the IPD 
model [9]. 

The objective of the present work is to examine 
the effect of the impurity excitation on the dephasing 
of host vibrons mode-specifically. The experiments 
should allow us to assess the dephasing mechanism 
in the IPD domains. For this purpose, we have mea- 
sured the decay times on-resonance and off-reso- 
nance of the 511 and 766 cm-’ vibrons of NPH in 
the PT/NPH molecular crystals. No significant dif- 
ference on the decay times of the 5 11 cm-’ mode 
between on-resonance and off-resonance is ob- 
served. However, it is found that the decay time of 
32 f 4 ps for the 766 cm-l mode on-resonance is ap- 
proximately twice as short as that of the neat crystal. 
The decay time of 62 * 5 ps measured in the off-res- 
onance spectra is nearly identical to that of the neat 
crystal. Previously, Duppen and co-workers [ 61 re- 
ported 60 + 3 ps decay time for the 767 cm- ’ vibron 
of PT using time-resolved resonant CARS. In order 
to determine the contribution from the 767 cm-’ 
mode of PT to the 766 cm-’ signal observed in the 
PT/NPH crystals, we have measured the intensities 
and the decay times of the 756 and 767 cm-’ modes 
of PT in the PT/NPD (deuterated naphthalene) 
mixed crystals. Isotopic study may allow us to eiu- 
cidate dephasing processes of the 766 cm-i mode 
on-resonance and off-resonance. In the temperature 
dependence studies, the decay times of the 5 11 and 
766 cm-’ modes are independent of temperature, 
which differs from the inverse temperature behavior 
of the 1385 cm-’ mode [ 91. Finally, possible mech- 
anisms for the mode specificity arc discussed. 

2. Experimental 

The ps CSRS experimental apparatus was de- 
scribed previously [ 5 1. An acousto-optically mode- 
locked and Q-switched Nd:YAG laser (Coherent 
Antares-76) was used to generate a pair of home- 
made sync pump dye lasers. The dye laser emitted 
trains of w 10 pulses separated by 13 ns at a repe- 
tition rate of 500 Hz. The average power is z 50 mW 
and the pulse width is ~30 ps measured by auto- 
correlation function. In the ps CSRS process, a si- 

multaneous pulse pair of w1 and o2 coherently ex- 
cited a vibration mode at We, where w2 - w1 = olo. 
The subsequent decay of vibration coherence was 
monitored by a time delayed pulse, wl. The pulses 
are focused to ~200 pm. The CSRS signal at 
21~0, -w2 was spatially filtered by an aperture and 
frequency filtered by a Jobin Yvon THR- 1000 spec- 
trometer. The change of intensities at the CSRS 
probes was detected by a photomultiplier and a lock- 
in amplifier. The experimental data were processed 
by a personal computer. The results represent the av- 
erage of 10 scans. The instrumental response time of 
18 ps was previously reported [ 5 1. 

The PT/NPH mixed crystals at various concen- 
trations of PT were grown by Bridgman furnace. 
NPH was extensively zone refined and PT was only 
vacuum sublimed prior to use. NPD (Aldrich 98%) 
was used without further purification. Crystals were 
cleaved parallel to the ab plane. Crystal thickness (L ) 
was varied from 0.2 to 1.0 mm. The samples were 
mounted in a flat brass plate in a Janis liquid helium 
cryostat. The temperature was measured by a cali- 
brated silicon diode temperature sensor (Lake Shore 
Cryotronics model). Since PT may not be macro- 
scopically uniform in these samples, it is difficult to 
obtain the exact values of concentration. We have 
measured the optical density (OD) on the spot where 
the CSRS data are taken. The magnitude of OD/L 
can vary as much as f30% for the crystals with 
higher concentration of PT. In every case we were 
very careful to examine if the sample was damaged. 

3. Results and discussion 

Fig. 1 shows the time-resolved CSRS spectra of the 
511, 766, and 1385 cm-’ totally symmetric vibrons 
of NPH (host) in the PT/NPH molecular crystals 
under the influence of the electronic excitation of PT 
(guest). Figs. la-lc are measured by tuning the u, 
away from the guest absorption (off-resonance) and 
figs. Id-lf are obtained by tuning the w1 into the 
electronic transition of PT (on-resonance). The in- 
sets in fig. 1 show the semilog plots of the decay times. 
The decay times of 130 f 10 ps measured at off-res- 
onance and at on-resonance for the 5 11 cm-’ mode 
are identical to the decay time obtained in the neat 
NPH crystal. However, significant difference on the 
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Fig. 1. Time-resolved CSRS spectra for the vibrational modes of 
NPH in the mixed crystals of PT doped in NPH. Spectra (a)- 
(c) are measured at off-resonance condition and spectra (d)- 
( f ) are obtained at on-resonance condition. (a) and (d) present 
the 511 cm-’ mode. (b) and (e) present the 766 cm-’ mode. 
(c) and ( f ) present the I385 cm-’ mode. The insets show their 
semilog plots of ps CSRS decay. Each division in the y axis cor- 
responds to one unit in natural log. 

decay time of the 766 cm-’ mode is observed. The 
decay time of 32 A 3 ps at on-resonance shown in fig. 
1 e is approximately half of the decay time of 62 k 3 
ps at off-resonance shown in fig. 1 b in the same crys- 
tal. In addition, the CSRS signal intensity is reso- 
nantly enhanced by one order of magnitude. It is 
noted that the 62 f 3 ps measured in fig. lb is ap- 
proximately identical to the decay time measured in 
the neat NPH crystal [ 5,23,24]. The behavior of the 
decay time of the 1385 cm-’ mode has been pre- 
viously described [ 9 1. The decay times are 84 f 3 ps 
at off-resonance shown in fig. lc and 75 ? 3 ps at on- 
resonance shown in fig. lf, which are shorter than 
the decay time of 95?5 ps in the neat crystal. It is 
found that the intensity of the 1385 cm-’ mode on- 
resonance is approximately twice as strong as that 
off-resonance. 

We first examine the origin of the shorter decay 

time of the 766 cm-’ mode on-resonance relative to 
off-resonance. It is known that there exists a vibra- 
tional mode of PT at 767 cm-‘, which is near the 
host vibron of the 766 cm-’ mode [ 6,251. Since the 
width of our laser is B 2 cm-‘, the contribution from 
the 767 cm-’ vibron of PT must be taken into ac- 
count in the study of the 766 cm-’ vibron of NPH. 
The intensity of the CSRS signal can be significantly 
increased for the guest vibron by resonant CSRS 
processes. The susceptibilities x(3) (NPH ) for a sim- 
ple CSRS and xt3) (PT) for a multi-resonant CSRS 
in a four-level system are given as [25-271 

x’~‘(NPH) =A 
1 

we,-d+ir,, ’ 
(1) 

x’~)(PT) = 
# 

1 
-dtW~,-Lttir&, 

1 

wo,“,-d+ir,,~,)(dt~(yv’-dtiro”,) 

’ (way-d+iro,) (dtoo,!-d+ir,“r) 

+t 

1 

w,,,,,-d+iTo,O,) (-dtiT’,,) I ’ (2) 
where IO) and IO’) correspond to the ground and 
excited electronic states and Iv) and I v’) denote 
their vibrational states, respectively. Here r#j is the 
damping parameter, d= wI - w2, w, = 2w, - w2 
(w1<w2), and d=wo,o-wl, which is the detuning 
parameter. A and B are proportional to the transition 
moments. Eq. ( 1) indicates that xc3) (NPH) is in- 
dependent of the excitation frequency. However, eq. 
(2) suggests that ~(~1 (PT) can be significantly en- 
hanced when d is zero because of the multi-resonant 
enhancement. It has been indicated that the concen- 
tration of PT also determines the relative contribu- 
tion from lc3)(NPH) and zc3)(PT) [28]. The 
shorter decay times on-resonance are normally mea- 
sured by using low pulse energies. Using the same 
energies to repeat this experiment at off-resonance is 
unsuccessful; no CSRS signal is observed. It is sug- 
gested that the CSRS signal observed at low pulse 
energies is due to the resonant enhancement of the 
767 cm-l vibron of PT. Therefore, the shorter decay 
time should be responsible for the dephasing time of 
the 767 cm-’ vibron of PT. 
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Duppen and co-workers have measured the vibra- 
tional lifetime of dilute PT in the mixed crystals of 
PT/NPH [ 61. They found that the decay time of the 
767 cm-’ vibron of PT is 60 f 5 ps at low temper- 
ature. In our work, the decay time of the 766 cm-’ 
vibron of NPH at off-resonance is 62 f 4 ps. If the 
CSRS signal is only contributed by xc3) (NPH) and 
xc3’ (PT), the intensity of the CSRS signal as a func- 
tion of delay time can be described by [ 6,8 1 

~(t)=[~exp(-tl~NpH)+Pexp(-tI~~~)12, (3) 

where cy and p correspond to the amplitudes of the 
contributions from host vibron and guest vibron, re- 
spectively. In eq. ( 3 ), f7NSNpH is the decay time of the 
bulk mode and &rpT is the decay time of the guest 
mode. Since their decay times of 60 + 3 and 62 + 4 ps 
are almost identical, the bi-exponential in eq. (3) 
can be simplified to a single exponential. Thus, the 
contribution from the 767 cm-’ vibron of PT can be 
used to explain the significant enhancement of the 
CSRS intensity on-resonance. However, it cannot be 
used to describe the z 30 ps decay time measured 
from the resonant spectra. 

Similar results of shorter decay time on-resonance 
and normal decay time off-resonance were observed 
for the 69 cm-l libron mode of NPH in the PT/NPH 
crystals by Wilson and co-workers [ 81. In addition, 
the signal intensity was resonantly enhanced by a 
factor of 10. Their results were interpreted in terms 
of IPD model. The existence of IPD gives rise to two 
distinct oscillating polarizations: one representing the 
phonon in the IPD with some mixing of the elec- 
tronic character of impurity molecule, and the other 
being identical to that in the neat crystal. The life- 
times of these two types of phonons are different. The 
enhancement of signal is attributed to the resonantly 
enhanced nonlinear susceptibility of the phonon in 
IPD via electron-phonon coupling. 

We now consider xc3’ to be the sum of the con- 
tributions from xc3)(NPH), xc3) (PT) and 
xc3) (IPD). The form of xc3) (IPD) is the same as 
that of x”) (PT), but the transition moment in 
xc3) (IPD) takes into account the electron-phonon 
coupling. It is clear that both contributions from 
xc3) (PT) and xc3) (IPD) depend upon the excita- 
tion frequency and the signal should be resonantly 
enhanced when w 1 =woTo. If we assume that the sin- 
gle exponential decay time of = 30 ps is attributed to 

the decay time in the IPD domains, we suspect that 
the contribution from xc3’ (PT) should be much 
stronger than that from xc3) (IPD). Otherwise, a no- 
nexponential decay should be observed. 

In order to examine the relative importance of the 
contributions fromXc3)(IPD) andXt3) (PT), we have 
measured the intensities of 756 and 767 cm-’ modes 
of PT in the mixed crystals of PT doped in perdeu- 
teronaphthalene (NPD) since the corresponding vi- 
brational mode of 766 cm-’ in NPH is shifted to 701 
cm -l in NPD. It is found that the ratio between the 
intensities of 756 and 766 cm-’ signals in PT/NPH 
is similar to that of 756 and 767 cm-’ signals in PT/ 
NPD. It is suggested that the contribution from 
xc3) (PT) to the intensity of the 766 cm-’ signal is 
more dominant than that from xc3’ (IPD) in the res- 
onant spectra of PT/NPH. The decay time of x 30 
ps measured from a single exponential decay is prob- 
ably not attributed to the decay time of the 766 cm- ’ 
mode in the IPD domains. Furthermore, fig. 2 shows 
the decay times of the 756 and 767 cm-’ modes of 
PT in NPD, which are 60 f 5 and 30 -t 3 ps, respec- 
tively. The decay time of 47 + 3 ps for the 756 cm-’ 
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Fig. 2. Semilogplots of the decay times of 756 cm-’ (a) and 767 
cm-’ (b) vibrons of PT in PT/NPD. The insets show their CSRS 
spectra. 
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mode of PT in NPH measured in our work agrees 
with the decay time of 51* 3 ps in the literature 
[ 6,7]. Thus, we suggest that the w 30 ps decay time 
is the decay time of the 767 cm-’ mode of PT. In 
addition, the power dependence study of the 766 
cm-’ signal in PT/NPH also supports this sugges- 
tion, which will be discussed elsewhere [ 291. 

We now turn our attention to the question why the 
IPD effect affects the decay of the 1385 cm-’ vibron 
but not the decay of the 766 and 511 cm-’ vibrons. 
Since the radiative emission processes take a longer 
lifetime than the radiationless processes, the contri- 
bution from harmonic term to the linewidth is neg- 
ligible and the harmonic approximation is inade- 
quate to describe the spectral linewidth. According 
to the many-body perturbation theory [ 301, the first 
anharmonic term contributing to the linewidth is 
given by 

x+tn,-n,)6(~-~,+~,)1, (4) 

where Y(j) is a cubic anharmonic coefficient, and 
6(o) is a delta function which accounts for the 
phonon density Of State at wp. In eq. (4), nA and np 
are the thermal occupation numbers of the acceptor 
and the phonon states, where MT)= 
[exp( fiop/kB T) - I] -’ and nA( T) is negligible at 
low temperature. At low temperatures (T< 30 K), 
the second term in eq. (4) can be neglected since it 
requires thermal population of the wp phonons. Fur- 
thermore, eq. (4) indicates that the decay time can 
be shorter if the magnitudes of YC3) and the phonon 
distribution at op are larger. 

In the cubic anharmonic approximation 
[ 24,30,3 11, vibrational relaxation of an excited vi- 
bron, Qv, can involve a phonon of qp and an accep- 
tor vibron of Q,.via the coupling terms of QvQAqp. 
The energy of qp corresponds to the energy differ- 
ence between two vibrons. Table 1 collects the pos- 
sible decay channels via cubic anharmonic coupling 
for these three vibrons [ 24,28,3 11. In our previous 
study on the 1385 cm-l mode [9], a lattice phonon 
at 20 cm-’ for the energy conservation of the decay 
channel from the 1385 cm-’ mode to the 1365 cm-’ 
mode is approximately identical to the 18 cm-’ of 
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Table 1 

The decay pathways via cubic anharmonic coupling for different 
vibrons [ 241 

511 cm-l 166 cm-’ 1385 cm-’ 

480 725 1365 
467 620 1274 
390 618 1240 
362 

the pseudolocal phonon mode reported by Hesselink 
and Wiersma [ 12 1. It implies that the phonon dis- 
tribution at 20 cm-’ is dramatically perturbed by the 
electron-phonon coupling. We believe that the in- 
crease of phonon distribution at 20 cm-’ due to the 
impurity excitation is responsible for the shorter de- 
cay time in the IPD of the 1385 cm-’ vibron. Table 
1 lists that the nearest decay channel for the 5 11 cm- ’ 
vibron involves a vibron at 480 cm-’ and a lattice 
phonon at 3 1 cm - l and that for the 766 cm-l vibron 
involves a vibron at 725 cm-’ and a lattice phonon 
at 41 cm-’ in the neat NPH crystal. Since both 
phonon energies are much larger than the pseudo- 
local phonon energy, the phonon distributions of 
these two modes are less perturbed by the impurity 
excitation. This is probably the reason why we do 
not observe the IPD effect on these two low-fre- 
quency modes. 

Temperature-dependence spectra of the 511 and 
1385 cm- ’ modes at on-resonance are shown in fig. 
3. For the 5 11 cm-’ mode, the decay time of 124 ps 
at 7 K is approximately identical to that of 12 1 ps at 
21 K. It is known that the vibrational decay in the 
pure NPH crystal is independent of temperature un- 
til Tx40 K [24,28]. It is confirmed that the im- 
purity excitation does not affect the decay of the 5 11 
cm- * vibron. A similar result is observed for the 766 
cm-’ mode. However, the 1385 cm-’ mode exhibits 
longer decay times at higher temperatures ( w 17 K) 
than those at low temperatures ( z 6 K) as shown in 
fig. 3. This inverse temperature behavior has been 
described by the Born-Oppenheimer approximation 
model of vibrational relaxation [9,20-221. In this 
theory, the frequencies of the vibrons are much larger 
than those of the phonons so that the adiabatic type 
of approximation can be used to separate the Ham- 
iltonian into the vibron motion and phonon motion. 
This approximation model predicts that a small value 
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Fig. 3. Temperature-dependent time-resolved CSRS spectra of the 
511 and 1385 cm-t vibrons of NPH in PT/NPH. (a) 511 cm-’ 
modeat 7 K, (b) 511 cm-‘modeat 21K, (c) 1385cm-‘mode 
at 6 K, and (d) 1385 cm-’ mode at 17 K. The insets show their 
semilog plots of ps CSRS decay. 

of op favors the inverse temperature effect in the 
weak coupling limit. According to the previous study 
[ 91, an average phonon frequency of 20 cm- 1 is able 
to describe the inverse temperature effect of the 1385 
cm-’ mode, which is consistent with the IPD model. 
Therefore, it is possible that the phonon distribution 
of 20 cm-’ perturbed by the electron-phonon cou- 
pling promotes the decay from the 1385 cm-’ mode 
to the 1365 cm-’ mode by stimulating phonon emis- 
sion. This mechanism provides a shorter decay time 
for the 1385 cm-’ vibron in the IPD. 

In summary, we have studied the vibrational de- 
phasing of the 5 11, 766, and 1385 cm-’ modes of 
host molecule (NPH) perturbed by an electronically 
excited guest (PT) molecule using the time-resolved 
CSRS method. The decay times of the 5 11 cm-’ 
mode are 125 f 10 ps for both on-resonance and off- 
resonance, which are identical to the decay time in 
the neat NPH crystals. Shorter decay time on-reso- 
nance of the 766 cm-’ CSRS signal is attributed to 
the decay time of resonant enhancement of the 767 
cm-’ mode of PT. Therefore, we believe that the im- 
purity excitation plays no significant effect on these 
two vibrons. However, shorter decay time on-reso- 
nance than off-resonance for the 1385 cm-’ mode is 
observed, which can be described by the IPD model. 
The increase of phonon distribution at 20 cm-’ per- 
turbed by the electron-phonon coupling is respon- 

sible for the shorter decay time in the IPD. 
To the best of our knowledge, the vibrational de- 

phasing of host vibrons affected by the electron- 
phonon coupling is observed for the first time. It is 
known that electron-phonon coupling does not de- 
termine the vibrational relaxation. In fact, no sig- 
nificant effects on the decay times of the two host 
vibrons (511 and 766 cm-‘) by the impurity exci- 
tation are observed in this work. However, the pres- 
ence of the pseudolocal phonon mode indicates that 
this coupling could perturb the phonon distribution. 
If a lattice phonon at specific frequency (20 cm-’ in 
this case) is significantly perturbed by electron- 
phonon coupling, which also couples to a vibrational 
decay channel (from 1385 to 1365 cm-‘) via cubic 
anharmonic coupling, the decay of this vibron ( 1385 
cm-‘) can be shorter. Further attempts to study the 
IPD effect on the deuterated PT doped in NPH are 
planned. 
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