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Real-time traces of vibrational amplitude detected by the intensity modulation of electronic transition under
high-density excitation with sub-5-fs pulse revealed that a combination tone of the CuC and the CvC
stretching modes is generated by the exciton-exciton interaction. They were found to be generated in high
quantum number vibrational levels in the ground electronic state after internal conversion from higher excited
electronic state created by the Auger process. This indicates that the Auger induced highly excited state results
in the fusion of vibrational quantum states. At the same time, parametric difference frequency generation of the
vibrational modes takes place in the same process.
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It has been well known that the lifetimes of molecular
excited states and Frenkel excitons are reduced under high-
density excitation in aromatic molecular crystals such as
anthracene,1,2 pyrene,3 fluoranthene,4 a charge-transfer
complex,5 J aggregates,6 and polymers.7–11 The mechanism
of the lifetime shortening is well established to be the Auger
process, in which one of two neighboring excitations �ex-
cited molecules or Frenkel excitons� is excited to a higher
excitation �higher electronic excited state in a molecule or an
excited exciton state� and the other to the ground state by the
transition-dipole–transition-dipole interaction.1–4 The higher
excitations are expected to relax very rapidly to the lowest
excited state or the lowest exciton state, resulting in the
shortening of the lifetime of the excitations.4,5,8,9 It has not
been possible to time resolve the fast relaxation process from
the higher excited state generated by the Auger mechanism
to the lowest excited singlet state, which includes both elec-
tronic relaxation �internal conversion� and vibrational relax-
ation. The Auger process followed by the relaxation pro-
cesses has been considered to be nearly instantaneous or
beyond the time resolution of the apparatus utilized in the
experiments. Usually, the lifetime of the lowest electronic
excited state in organic molecules or the Frenkel exciton in
organic molecular crystals is in a nanosecond regime in the
case that the lowest excited state is allowed. Picosecond or
nanosecond pulses had been used in the previous papers, and
it was not possible to time resolve the relaxation of the
higher excitation via lower excited states to the lowest ex-
cited state. It is because the process is considered to take
place in a time scale shorter than 100 fs due to the high
density of vibronic states near the final state of the Auger
excitation. It is of interest to study the relaxation path of the
higher excitation generated by the Auger process induced by
the high-density excitation. This question arises from the
consideration that the higher excited state reached by the
Auger process has a different symmetry in the case that the

molecule has parity symmetry. In inversion-symmetric sys-
tems, an Auger allowed state generated from the allowed
lowest excited state with odd parity is expected to have an
even parity, while the final state of the direct transition from
the ground state has an odd symmetry. There is the possible
difference in the electronic states due to the selection rules
between the final state of direct excitation and that due to the
Auger process. Therefore, relaxation channel can be different
even though both of the electronics states have the same
energy because they may be coupled to different vibrational
modes selectively excited by the selection rule. The higher
excitation is, in general, a vibronically excited state includ-
ing both higher electronic excitation and vibrational excita-
tion. Hence, there are at least two possible channels of relax-
ation process. The first one is the relaxation of the electronic
energy to the ground state with high vibrational quantum
number of various modes in the first stage and then the cool-
ing process of such nonequilibrium state to the thermal state
in the ground state. The second channel is the vibrational
relaxation followed by electronic relaxation to the ground
state.

In this work, sub-5-fs molecular vibrational spectroscopy
was applied to study the dynamics of highly excited vibronic
states generated by the Auger process under high-density ex-
citation. Real-time observation of the combination tone and
difference frequency mode between CuC and CvC
stretching modes vibronically coupled to the excitons gener-
ated by fusion and fission processes of phonons �molecular
vibrational quanta� was successfully made.

In this work, a cast film of polydiacetylene-3-
butoxycarbonylmethylurethane on a glass substrate was ex-
cited and probed by 5 fs pulses12 with spectrum extending
from 500 to 710 nm at 294±1 K �Fig. 1�. Three experiments
were performed at various intensities of the pump pulses,
240, 400, and 840 GW/cm2, with corresponding pump pho-
ton flux of 7.5�1029, 12.5�1029, and 26.8
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�1029 photons/cm2 s and corresponding pump excitation
photon density of 7.5�1015, 12.5�1015, and 26.8
�1015 photons/cm2, respectively. The intensity of the probe
pulses was maintained to be 120 GW/cm2. Figure 1 shows
the difference absorption spectra �A��� averaged over the
delay time from 0 to 100 fs.

Figure 2 shows the real-time trace of induced absorbance
change probed at ten different probe photon energies at low-
and high-density excitations, both of which are highly modu-
lated by the molecular vibration.13–15 At high-density excita-
tion, the decay becomes faster and it cannot be fitted to a
single exponential function,16 but can be fitted to the analytic
solution including both mono- and bimolecular decay
terms.1–4,17 When bimolecular quenching of singlet excitons
takes place, the time behavior of the exciton density n is
expressed by

1/n = ��/� + 1/n0�exp��t� − �/� . �1�

Here n0, �, and � are the initial value of n, the monomolecu-
lar, and bimolecular decay constants, respectively. From the
linear relationship between 1/n and exp��t�, � and � were
determined as 5�1011/ s and 5.5�10−9 cm3/s, respectively.
From the latter value, the hopping rate � of the exciton can
be determined as 5.5�109/s, which is faster than that in

fluoranthene4 �2.2�109/s� probably due to the conjugation.
The conjugation hence not only delocalizes the exciton up to
about three to four repeat units18 but also helps the exciton
hopping.

Figures 3�a� and 3�b� show the probe wavelength depen-
dence of the Fourier power spectrum of the real-time traces
�A�t� in the delay time ranging from 160 to 1100 fs. The
symmetric CuC stretching mode ��sCuC� was observed at
1241 cm−1 �mode 2�. An intense band at 1485 cm−1 �mode 3�
was assigned to the CvC stretching mode ��CvC�. A peak
at 2726 cm−1 �mode 4� can be assigned to the combination
tone between the �sCuC �1241 cm−1� and the �CvC

�1485 cm−1�.10 Peaks at 244, 448, 712, and 2116 cm−1 were
assigned to CuCvC bending mode ��CuCvC�, CuC
wCuC wagging mode �	CuCwCuC�, CuCvC torsion
mode �
CuCvC�, and CwC stretching mode ��CwC�,12,19 re-
spectively. As seen in Fig. 1, the absorbance change �A does
not depend on the pump intensity and is almost constant in
the spectral range of probe pulses extending from
1.9 to 2.0 eV. However, the absorbance changes increased
almost proportionally to the pump intensity in the spectral
range from 2.0 to 2.4 eV. This result shows that the combi-
nation tone appeared on the excitation from the lowest exci-
tation �exciton state� to the higher excitation �excited state of
exciton�. Fourier power spectrum in the spectral range of the
induced absorption is shown in Figs. 3�c� and 3�d�. In these
figures, the amplitudes of �sCuC, �CvC, 	CuCwCuC, and

CuCvC increased nearly proportionally to the pump inten-
sity �see also Fig. 4�. On the other hand, the amplitudes of
the peaks at 244 and 2726 cm−1 were found to be superlinear
to the pump intensity. In addition, the frequency of the peak
at 244 cm−1 �mode 1� is exactly equal to the difference be-
tween 1485 and 1241 cm−1. Previous paper reported that
�sCuC �1241 cm−1� and �CvC �1485 cm−1� were coupled via
in-plane bending mode in the main chain �244 cm−1�.13,20 It
indicates that the coupling among the relevant three modes is
enhanced on high-density excitation.

FIG. 1. The difference absorbance �A averaged over the delay
time range from 0 to 100 fs, when the pump intensities were
400 GW/cm2 �black thin curves� and 840 GW/cm2 �black thick
curves�, and the spectrum of the 5 fs laser intensity �a gray thick
curve�.
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FIG. 2. Real-time trace of induced absorbance change probed at
ten different probe photon energies from −100 to 1100 fs, when the
pump intensity was �a� 400 GW/cm2 and �b� 840 GW/cm2. The
wavelengths �probe photon energies� of curves 1–10 are as follows:
1, 515 nm �2.406 eV�; 2, 530 nm �2.338 eV�; 3, 545 nm
�2.274 eV�; 4, 560 nm �2.213 eV�; 5, 575 nm �2.155 eV�; 6,
590 nm �2.100 eV�; 7, 605 nm �2.048 eV�; 8, 620 nm �1.999 eV�;
9, 635 nm �1.952 eV�; 10, 650 nm �1.907 eV�.
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FIG. 3. Two-dimensional Fourier power spectra of the �A traces
in the delay time ranging from 160 to 1100 fs, when the pump in-
tensities were �a� 400 GW/cm2 and �b� 840 GW/cm2. Fourier
power spectra in the spectral range of probe pulses extending from
1.9 to 2.0 eV where the induced absorptions were observed, when
the pump intensities were �c� 400 GW/cm2 and �d� 840 GW/cm2.
Thin lines indicate the Fourier power spectra multiplied by 20.
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There are three possible channels, which can be the exci-
tation channel to leads to the highly excited vibrational levels
under high-density excitation due to the third-order nonlinear
mechanisms. The first and second channels are simultaneous
�photon-photon nonlinearity� and sequential �exciton-photon
nonlinearity� photoexcitations, respectively. The third one is
excitation by the Auger process induced by biexciton inter-
action �exciton-exciton nonlinearity�.5 If the first and second
processes are the cases, the initial absorbance change satu-
rates but decay dynamics does not change even when the
pump intensity is increased, but only the dynamic signal am-
plitude of the electronic transition is increased under high-
density excitation. The decay dynamics was dependent on
pump intensity as discussed before; therefore, the possibility
of the process can be ruled out, and we find that the excita-
tion by the Auger process is the case.

Figure 5 shows the probe photon energy dependence of
the amplitudes of modes 1, 2, 3, and 4 and the product of
modes 2 and 3. Amplitudes in the photon energies between
1.95 and 2.05 eV are relatively higher than in other photon
energies over all of the modes. The product of the amplitudes
of modes 2 and 3 was found to be in agreement with that of
the modes 1 and 4. This finding also confirms that the com-
bination tone �mode 4� and the difference frequency �mode
1� are generated by the collision of the vibronic excitations
�vibronic exciton� of modes 2 and 3. Here, the dynamics of

the relevant four modes is to be discussed. Modes 2 and 3 are
the modes directly photogenerated by femtosecond laser and
modes 1 and 4 are generated through the Auger process.
Then, the dynamics of the envelope of signal amplitudes
ci�� , t� of modes i �i=1, 2, 3, and 4� probed at wavelength �
can be described as follows:

dci��,t�
dt

= aiI��,t� − kici��,t�, i = 2,3, �2�

dcj��,t�
dt

= bjc2��,t�c3��,t� − kjcj��,t�, j = 1,4. �3�

Instantaneous amplitude of each mode is given by
ci�� , t�ei�	it+�i� with frequency 	i and initial phase �i. Here,
I�t� is the pump laser intensity. The parameters ai �i=2,3�
and bj �j=1,4� represent the generation efficiency for the
relevant modes via direct photoexcitation and the Auger pro-
cess, respectively. ki �i=1, 2, 3, and 4� are the vibrational
amplitude decay rates of the corresponding modes. These
equations can be solved as follows:

Ci�t� = ai�
−�

t

I�t��e−ki�t−t��dt�, i = 2,3, �4�

Cj�t� = bj�
−�

t

c2��,t��c3��,t��e−kj�t−t��dt�, j = 1,4. �5�

The rates ki were determined as k1
−1=220 fs, k2

−1

=1600 fs, k3
−1=1600 fs, and k4

−1=450 fs from the experimen-
tal results. From Eqs. �4� and �5�, it is expected that the pump
pulse intensity dependences of modes 2 and 3 are linear,
while those of modes 1 and 4 are quadratic. Figure 4 shows
the pump intensity dependence of the signal intensity, and
powers s of the intensity dependence Isi for four modes were
determined as s1=2.2±0.1, s2=1.4±0.4, s3=1.3±0.2, and
s4=1.7±0.2, respectively. These values are consistent with
the above expectation. The deviations of the values of s1 and
s4 from 2 may be due to the effects of higher-order excitation
and saturation, respectively. The deviations of the values of
s2 and s3 from unity are probably due to that the processes of
	2=	3−	1 and 	3=	4−	2 are also taking place after the
generation of 	3 and 	4.

Modulation amplitudes of electronic transitions induced
by molecular vibration c1�� , t� and c4�� , t� are expected to be
proportional to c2�� , t�c3�� , t� because of the short lifetimes.
Since the decay time of the modulation of each mode is
independent of probe wavelength, the integrated modulation
amplitudes Ck���=�t1

t2ck�� , t�dt, �k=1,2 ,3 ,4� of these four
modes over the probe time range �t1=0 fs, t2=1100 fs� are
expected to satisfy the relation Ci���
C2���C3��� �i=1,4�.
Therefore, the widths of C1��� and C4��� are narrower than
those of C2��� and C3���. It agrees with the experimental
results that the spectral widths of the modes 1 and 4 are
narrower that those of modes 2 and 3 as seen in Fig. 5.

In the present Brief Report, we clearly demonstrated ex-
perimentally that the following reactions take place in which

FIG. 4. Relation between the pump intensity and Fourier ampli-
tudes in the spectral range of probe pulses extending from
1.9 to 2.0 eV. Six modes correspond to mode 2 ��sCuC

=1241 cm−1�, mode 3 ��CvC=1485 cm−1�, mode 1 ��CvC

−�sCuC=244 cm−1�, mode 4 ��CvC+�sCuC=2726 cm−1�,
	CuCwCuC �448 cm−1�, and 
CuCvC �712 cm−1�.

FIG. 5. Dependence on the probe photon energy from
1.95 to 2.3 eV of the amplitudes of the five modes with the
�sCuC=1241 cm−1 �mode 2�, the �sCuC=1485 cm−1 �mode 3�, the
combination tone 244 cm−1 �mode 1�, 2726 cm−1 �mode 4�, and
1241*1485 cm−1 �mode 2* mode 3�.
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electric-dipole–electric-dipole energy-transfer interaction in
the Auger process is associated with the exchange of vibra-
tion quanta:

�E1,n1,n2,n3,n4� + �E1,n1�,n2�,n3�,n4�� → �En,n1 + 1,n2,n3,n4�

+ �G,n1�,n2� − 1,n3� − 1,n4�� , �6�

�E1,n1,n2,n3,n4� + �E1,n1�,n2�,n3�,n4�� → �En,n1,n2,n3 + 1,n4

+ 1� + �G,n1� − 1,n2�,n3�,n4�� . �7�

Here �A ,n1 ,n2 ,n3 ,n4� represents the electronic state A
�=G, E1, or En� in the ground state �G�, the lowest excited
state �E1�, and higher excited state �En� coupled with mo-
lecular vibrations with n1, n2, n3, and n4 quanta of modes 	1,
	2, 	3, and 	4, respectively. The state is a linear combina-
tion of such vibronic states with different sets of vibrational
quanta �n1 ,n2 ,n3 ,n4�. Main contributions of ni �i=1, 2, 3,
and 4� are 0 or 1. Processes �6� and �7� are sum and differ-
ence frequency generations of molecular vibrations. The lat-
ter is a parametric process, which is extensively utilized in
nonlinear optics.

If two excitons collide followed by the “Auger process,”
one of the excitons is ionized with the expense of the energy
of the other exciton1 or the electronic energy of an exciton is
transferred to the other exciton by the “Förster energy trans-
fer,” resulting in the higher excited state.2–4 In this work, we
found that the energies of molecular vibrations were also

transferred at the same time with the transfer of the elec-
tronic energies.

The sum of the molecular vibration frequencies of modes
2 and 3 was exactly equal to the observed molecular vibra-
tion frequency of the mode 4 referred to the product of
modes 2 and 3. It clarifies that the sum of molecular vibra-
tion energies is conserved before and after the collisions of
vibronic excitons. It was discovered that the molecular vibra-
tion and electronic energies are conserved independently
even though there are many possible vibrational levels in the
vibration modes. Thus, it was discovered from our direct
observation of exchange of vibrational quanta in the Auger
process that efficient vibrational energy exchange takes place
for modes satisfying sum-frequency or parametric interaction
condition.

In conclusion, we discovered that highly anharmonic mo-
lecular vibration is induced on high-density excitation by the
Auger process for the molecular vibrational modes fused to
generate the combination tone and difference frequency
mode. The latter is the parametric process for the molecular
vibrational modes and is the molecular vibrational version of
frequency conversion.
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