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Temperature-dependent dephasing of 511, 766 and 1385 cm-’ modes in the mixed crystals of naphthalene and perdeutero- 
naphthalene at various isotopic levels have been studied by picosecond CARS in the region of 6-130 K. In general, adding the 
isotope shows a significant effect on the low-temperature decay time. However, a small effect on the temperature dependence is 
observed in the Arrhenius plots of In[Av(T) -Av(6 K)] versus I/Tfor all three modes. This behavior is described by a large 
change of the thermally activated phonon density of states at low temperature, but by a small change as temperature increases. 

1, Introduction 

Picosecond (ps) CARS has been employed to in- 
vestigate the vibrational dynamics in crystalline ben- 
zene (BZ) [ 1,2] andnaphthalene (NPH) [3-81 for 
a better understanding of the vibrational dynamics 
in solid state chemistry. The advantage ofthis method 
is its ability to provide a direct measurement of vi- 
brational dephasing if the decay of coherence is long 
relative to the pulse width. Three possible mecha- 
nisms, vibrational relaxation, pure dephasing, and 
inhomogeneity, are responsible for the dephasing. 
Hochstrasser and co-workers [ 91 performed the first 
measurement of the relaxation time for the 1385 
cm-’ mode of NPH by frequency domain CARS. 
They noted that the inhomogeneous effect is negli- 
gible due to the motional narrowing. Furthermore, 
the pure dephasing is frozen at low temperature 
[ 1,3]. It is likely that the vibrational relaxation is 
the dominant mechanism for the dephasing pro- 
cesses. Since the static inhomogeneous broadening 
must yield nonexponential decays, the exponential 
decays measured in the molecular crystals by ps 
CARS were attributed to vibrational relaxation. 

Temperature-dependent vibrational dephasing on 
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three totally symmetric vibrations, 5 11, 766 and 1385 
cm-‘, in NPH was studied by Dlott and co-workers 
[ 5,6 1. The decay times measured by ps CARS are 
nearly temperature independent below x40 K and 
decrease above this temperature. Their decay times 
from 40 to = 150 K were mainly due to the vi- 
brational relaxation. They further found that the 
Arrhenius plots for temperature-dependent line- 
widths were concave upward at all temperatures. This 
feature was attributed to more vibrations partici- 
pating in the dephasing with increasing temperature. 
Therefore, the slope is steadily increasing. 

Dlott and co-workers [ 7,8] have further investi- 
gated the isotope dependence of vibrational relaxa- 
tion at low temperature to examine whether the in- 
termolecular anharmonic coupling provides addi- 
tional decay channels. They reported that adding the 
isotope increased the decay rates for the 511 and 766 
cm- ’ modes significantly, but had little effect on the 
1385 cm-’ mode. They suggested that the fast decay 
rate is attributed to the energy relaxation from ex- 
cited NPH vibrons to the counterpart of perdeuter- 
onaphthalene (NPD) vibrons [7,8]. For example, 
the 5 11 cm-’ mode of NPH can decay to the 493 
cm- ’ mode of NPD and a phonon mode at 18 cm- ’ 
through the cubic anharmonic term. 

The objective of this study is to investigate the 
temperature-dependent vibrational dephasing on the 
isotopically mixed crystals. We use ps CARS to mea- 
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sure the temperature-dependent decay times for the 
5 I 1,766 and 1385 cm-’ modes in the mixed crystals 
of NPH and NPD with various concentrations. The 
Arrhenius plots of In [Av( T) -Av( 6 K)] versus I / 
T for these modes at various isotopic levels show that 
the curvatures of these plots are nearly independent 
of the concentration of isotope. We have calculated 
temperature-dependent linewidths based on the cu- 
bic anharmonic approximation method to fit the ex- 
perimental results. It is found that thermally acti- 
vated phonon processes for the anharmonic coupling 
of the excited NPH at 511 and 766 cm-’ modes to 
the counterpart of NPD at 493 and 701 cm-’ modes 
contribute essentially to temperature-dependent 
linewidths in the isotopically mixed crystals. 

2. Experimental 

The ps CARS experimental arrangement is fairly 
conventional in design [ 1,3,7], which is shown in 
fig. 1. An acousto-optically mode-locked and Q- 
switched Nd : YAG laser (Coherent Antares- ) was 
used to generate a pair of home-made sync pump dye 
lasers which have been described elsewhere [ 10,111. 
However, our dye laser emitted trains of = 10 pulses 
separated by 13 ns at a repetition rate of 500 Hz. The 
average power is x50 mW and the pulse width is 
z 30 ps measured by the autocorrelation function for 
a dye laser. In the picosecond CARS process, a si- 

Fig. 1. Schematic diagram of ps CARS experiment. BS: beam 
splitter, DC: dye cell, E: etalon, L: lens, M: mirror, OC: output 
coupler, P: prism, S: sample. 

multaneous pulse pair of w, and o2 coherently ex- 
cited a vibration mode at oUo, where w, -wZ=wUO. 
The subsequent decay of vibrational coherence was 
monitored by a time delayed pulse, w,. In order to 
optimize the CARS intensity, three beams were fo- 
cused to I SO? 20 urn. The CARS signal at 20, - 
w2 was spatially filtered by an aperture and fre- 
quency filtered by a Jobin Yvon THR-1000 spec- 
trometer. The change of intensities at the CARS 
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. 

Naphthalene single crystals were grown from zone- 
refined material by a Bridgman furnace. The crystal 
was cleaved parallel to the ab plane and was = 1 mm 
thick. Samples with clear transparency were mounted 
in a flat brass plate and were cooled by passing cold 
helium gas over the sample in a Janis liquid helium 
cryostat. The temperature was measured by a cali- 
brated silicon diode temperature sensor (Lake Shore 
Cryotronics model). NPD (.4ldrich 98%) was used 
without further purification. The mixed crystals were 
prepared by weight and grown by a Bridgman fur- 
nace, and were examined in a few cases by mass 
spectrometry. The deviation for the concentration 
prepared in this work is ? 10%. We did not observe 
the CIDD7H in the mass spectra. 

3. Theory 

In the cubic anharmonic approximation [ 12,131, 
the non-radiative decay process in the molecular 
crystals allows the energy transfer from one phonon 
state to the others. At finite temperature, vibrational 
relaxation can involve phonon absorption (up-con- 
version) as well as phonon emission (down-conver- 
sion ) [ 14,15 1. The temperature-dependent lifetime 
is given by summing the up- and down-conversion 
rates and over all possible final states. 

ml-~=~;; Iw&12 

X{[n,(T)+n,(T)+l]G(w-w~-wF.) 

+[np(T)-nA(T)lB(W--O*+wp)}. (1) 
In the averaged anharmonic approximation [ 61, as- 
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suming an equal value for the cubic coefficients from 
the V state to each possible A state, eq. ( 1) can be 
written as 

xi[np(T)+llPP(W-WA)+np(T)PP(WA--W)J > 
(2) 

where pp(w-w,) is the phonon density of states at 
o--w, which was known for NPH and NPD [ 161. 
n, and np are the thermal occupation numbers of 
acceptor and phonons states, where n,(T) = 
[exp(hop/kBT)-11-l and n,(T) is negligible at 
low temperature. Vc3’ is a cubic anharmonic coef- 
ficient, which is given as 

V(3)= 1 a3uQt) 
3! aQv aQA aqp lu_oQ~QAqP 7 (3) 

where I’(Q,) is the crystal potential. Q is a vibra- 
tional coordinate and q is a phonon coordinate. 

In the mixed crystals, the cubic anharmonic terms 
involve the coupling terms of QVQ,,qp and QvQgq, if 
the phonon density of states is less affected by the 
guest, where Q,, represents host vibrons and Q, rep- 
resents guest vibrons. Velsko and Hochstrasser [ 171 
have derived the decay rate for binary mixed crys- 
tals, which is given as 

+N(kmC; +k,,CAC,) 3 (4) 

where k(O) is the single site relaxation rate. kAA and 
kAB are the rate constants for energy transfer from A 
molecule to adjacent A and B molecules, respec- 
tively. C, and Ca are the mole fractions of A and B. 
N is the number of nearest neighbors. If N= 1, eq. 
(4) can be simplified to 

k=k’“‘+kA,+CB(kA,-k,,). (5) 

In this case, a linear concentration dependence for 
the decay rate should be observed in the mixed 
crystals. 

4. Results and discussion 

We have measured temperature-dependent vibra- 
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tional lifetimes for the 5 11, 766 and 1385 cm-’ 
modes of NPH in the neat and in the isotopically 
mixed crystals of NPH at various isotopic levels in 
the region 6-130 K. Our measurements of their life- 
times in NPH at 6 K for more than five neat crystals 
are 135 ? l&66 + 4 and 97 + 3 ps respectively, which 
agree with the literature values [ 31. Fig. 2 shows the 
semilog plots of ps CARS decay for the 5 I1 cm-’ 
mode in the mixed crystal of NPH and NPD with 
12 : 1 by weight at different temperatures. The decays 
are exponential in each case over a range of three 
factors of e, which suggests that the vibration is de- 
localized. Further, although NPD was used without 
further purification, the non-exponential decay re- 
sulted from impurity scattering and inhomogeneous 
broadening was not observed. It is indicated that the 
contribution to the decay time from impurity scat- 
tering can be ruled out. 

Temperature-dependent lifetimes for these three 
modes in the mixed crystals of NPH and NPD with 
12 : 1 by weight are listed in table 1. It is found that 
adding the isotopes causes a small increase for the 
decay rate of the 1385 cm-’ mode, but leads to a sig- 
nificant increase for the decay rate of 511 and 766 
cm-’ modes at low temperature. The fast decay rate 
for the 5 11 and 766 cm-’ modes in the mixed crys- 

-3 1 I 

100 

Time (ps) 

Fig. 2. The semi-log plots of picosecond CARS decay for the 5 I I 
cm-’ mode in the mixed crystal of NPH and NPD with 12: 1 by 
weight at different temperatures. 
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Table 1 
Lifetimes of mixed crystals at 5 I I. 766 and 1385 cm-’ vibra- 
tional modes 

511(12:1) 766 (12:l) 1385(12:1) 

temp. lifetime temp. lifetime temp. lifetime 

(K) (PS) (K) (PS) (K) (PS) 

6 lOOk2 6 46&l 6 88+2 
32 9152 21 4522 32 84f4 
40 8521 34 41f2 42 8Ok2 
50 781kl 44 37+2 50 73k3 
61 65k1 57 33kl 58 63?3 
79 52k3 73 26?2 71 5723 
90 47+2 87 24f3 81 58k2 

102 4Oi2 112 20f2 90 49+2 
116 33k2 117 33k2 

tals at 10 K has been examined by Dlott and co- 
workers [ 7;8]. Since the phonon densities of states 
for NPH and NPD are similar to each other [ 161 
and the intramolecular anharmonic coupling is in- 
dependent of the isotopic concentration, the fast de- 
cay rate is attributed to the process of intermolecular 
anharmonic coupling. The energy relaxation from 
NPH vibrons to the counterpart of NPD vibrons 
should play a dominant role because of the larger nu- 
clear overlap for the same normal coordinates than 
for two different normal coordinates [ 7 ] _ Therefore, 
the mechanism for the increase of decay rate in the 
mixed crystals is interpreted by a strong cubic an- 
harmonic coupling of the excited NPH vibrons to the 
counterpart of NPD vibrons and a low-frequency 
phonon mode. This interpretation is further sup- 
ported by the phonon density of states of NPH or 
NPD, which is higher at 65 and 18 cm-’ than that 
at 5 cm-‘. 

The Fourier transform of the time-resolved CARS 
signal can provide the spontaneous Raman line- 
shape. Thus, the vibrational linewidths can be cal- 
culated by 

Au (cm-‘)=r/2xc=5.3/lifetime (ps) . (6) 

Fig. 3 shows the Arrhenius plots of In [Av( T)- 
Av( T=6 K) ] versus 1 /T for these three modes in 
the neat and in the isotopically mixed crystals. We 
found that adding the isotopes makes a little differ- 
ence for the curvature and the intercept of the Ar- 
rhenius plots between the neat and the mixed crys- 
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Fig. 3. The Arrhenius plotsof In[Av( T) - Av( T= 6 K)] versus 
I/Tfor511,766andl385cm-‘modesintheneatandtheiso- 
topically mixed crystals. 

tals. Further, the change of the curvature and the 
intercept for the 1385 cm-’ mode is less than that 
for the 511 cm- ’ mode and is much less than that 
for the 766 cm-’ mode. In addition, the curvature 
in the Arrhenius plots for each modes is nearly in- 
dependent of the mixed crystals at various isotopic 
levels. 

It is known that the dephasing processes of 766 
cm- ’ involve the down-conversion processes includ- 
ing the 618, 620 and 725 cm-’ modes at low tem- 
perature. Righini [ 181 has demonstrated that the up- 
conversion processes involving the internal modes of 
786, 782 and 810 cm- ’ also play a dominant role in 
the dephasing of the 766 cm-’ mode while increas- 
ing the temperature based on the agreement between 
their calculation and ps CARS results from ref. [ 5 1. 
We use eq. (2) to reproduce the calculation of tem- 
perature-dependent linewidths for the 766 cm-’ 
mode in NPH, which is shown in fig. 4a. The agree- 
ment between experimental and calculated data is 
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Fig. 4. Temperature dependence of the linewidths of the 766 cm-’ 
mode in the neat and the mixed crystals. Triangle and cross: ex- 
perimental daia; solid lines are calculated linewidths involving 
both down- and up-conversion processes for the pure NPH and 
adding the intermolecular anharmonic coupling of 766 and 701 
cm-’ for the mixed crystals. 

acceptable and can be improved if the cubic anhar- 
manic coefficients are decreased because of the ther- 
mal lattice expansion [ 181. In the mixed crystals, the 
main additional decay channel is the anharmonic 
coupling of the 766 cm- ’ mode in NPI-I with the 70 1 
cm-’ mode in NPD and a low-frequency phonori 
mode at 65 cm- ‘. With this additional channel, we 
use eq. (5) to calculate the linewidths in the mixed 
crystals because a linear relation has been observed 
for the concentration dependence of this mode in the 
mixed crystals [ 71. Fig. 4b presents the experimen- 
tal and the calculated temperaturedependent line- 
widths for the 766 cm-’ mode in the mixed crystals. 
Temperature-dependent phonon densities of states 
are calculated based on ref. [ 16 1. The only adjust- 
able parameter in eq. (2) is ( V&‘,b ), which is de- 
termined by the low temperature lifetime. Consid- 
ering the intermolecular anharmonic coupling, we 
vary the parameter ( VQ ) in eq. (5) to fit the rest 
of the temperature-dependent data. Table 2 collects 

Table 2 
Vibron decay pathways and the values of various parameters for 
the calculation 

Vibron 

766 

Pathways P”@JJ) VW VW V:;b 

725 0.22 0.08 0.2 
620 0.055 
618 0.055 
782 0.0067 
786 0.01 
810 0.23 
701 (NPD) 0.24 

511 480 0.043 0.05 0.6 
467 0.23 
390 0.14 
362 0.055 
618 0.15 
620 0.14 
493 (NPD) 0.012 

the parameters for the calculation of temperature- 
dependent linewidths for this mode. It should be 
noted that (If@> =0.2 provides the best fit as 
shown in fig. 4b. However, ( V&ib> co.25 yields 
more consistent results relative to fig. 4a. Neverthe- 
less, the good agreement between experimental and 
calculated data indicates that the thermally activated 
phonon process, involving the anharmonic coupling 
of the excited NPH vibrons to the counterpart of 
NPD vibrons, is an essential process for the tem- 
perature-dependent linewidth in the mixed crystals. 

Therefore, our calculation confirms that the sig- 
nificant isotope effect on the low temperature line- 
widths is attributed to the new channel for energy 
relaxation from the 766 cm-’ mode in NPH to the 
70 1 cm-’ mode in NPD [ 71. Since we have sub- 
tracted the linewidth at 6 K from temperature-de- 
pendent linewidths in the Arrhenius plots, the es- 
sential isotope effect on the linewidths due to the 
QvQgqp terms is excluded. Thus, the small change in 
the curvature in the plots due to the isotope effect 
can be described by the change of the thermally ac- 
tivated phonon density of states at 65 cm-‘. Fur- 
thermore, no discernable effect due to various iso- 
topic levels in the curvature of the Arrhenius plots 
is observed in our work, which can be understood by 
considering the small change of isotopic concentra- 
tion and the small effect of thermally activated 
phonon density of states. 
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We have further calculated the linewidths for the 
511 cm-’ mode in the mixed crystals based on the 
same argument cited for the 766 cm-’ mode. The 
possible decay channels involving four down-con- 
version, two up-conversion, and the intermolecular 
coupling processes and their corresponding phonon 
density of states are also listed in table 2. Fig. 5 pre- 
sents the experimental and calculated linewidths for 
the 5 11 cm-’ mode in the mixed crystals as a func- 
tion of temperature. The agreement in the mixed 
crystals is acceptable because it is difficult to mea- 
sure the phonon density of states at 18 cm-’ accu- 
rately. In addition, it is found that the phonon den- 
sity ofstates at 18 cm- ’ is larger in NPD than in NPH 
[ 161. Nevertheless, it is further confirmed that the 
thermally activated phonon process is an important 
dephasing mechanism. 

Righini [ 18 ] failed to predict the low temperature 
lifetime of the 1385 cm-’ mode because of a very 
small cubic coefficient obtained from an inadequate 
description of the eigenvector of this mode. Ranson 
et al. [ 191 suggested that the possible decay channels 
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Fig. 5. Temperature dependence of the linewidths of the 5 I 1 cm- ’ 
mode in the mixed crystals. Square: experimental data; solid line 
is calculated linewidths. 

involved either two vibrons, or one vibron and one 
phonon. Since we do not have enough information 
for calculating the two-vibron processes, we are not 
able to calculate the linewidths for this mode. In the 
mixed crystals, the counterpart of 1385 cm-’ in NPH 
is located at 1390 cm- ’ in NPD. The energy transfer 
from 1385 to 1390 cm-’ is negligible because the 
phonon density of states is ~0 at 5 cm-‘. Therefore, 
if the energy relaxation from the excited NPH vi- 
brons to the counterpart of NPD vibrons determines 
the change of the Arrhenius plots, the curvature of 
the Arrhenius plots for the neat and the mixed crys- 
tals should be more similar for the 1385 cm-’ mode 
than for the 5 I I and the 766 cm- ’ modes. Further, 
the plots for the 1385 cm-’ mode should be nearly 
independent of the isotopic concentration. Both pre- 
dictions were consistent with our experimental re- 
sults as shown in fig. 3. 

In summary, we have shown that adding the iso- 
topes causes a significant increase in the low-tem- 
perature lifetime, but has little effect on the curva- 
ture of the Arrhenius plots. The former observation 
is attributed to the additional channel opened by the 
intermolecular anharmonic coupling, QvQhqP, of the 
same normal modes in the isotopes. The change of 
magnitude is also determined by the phonon density 
of states at qe. The latter observation can be de- 
scribed by the small change of the phonon density 
due to the thermally activated effect at qp. 
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