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Optical frequency- and vibrational time-resolved two-dimensional spectroscopy by real-time
impulsive resonant coherent Raman scattering in polydiacetylene
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Real-time impulsive resonant Raman scattering induced by a 4-fs ultrashort laser pulse was spectrally
resolved with a multichannel lock-in amplifier. An optical and vibrational two-dimensional spectrum was
introduced to separate the effects of electronic and vibrational broadening in the power spectrum of the
vibrations. Spectrally resolved real-time oscillations can identify the wave packet motion associated with the
stretching vibrational mode of the carbon-carbon double and triple bonds of the polymer polydiacetylene.
Calculated nonlinear polarizations which take into account the ground-state wave packets reproduced the
observed dynamics fairly well. It is confirmed that the ground-state vibrations play a significant role in the
dynamics of the wave packet even far below the absorption edge, as well as the excited-state vibrations.
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[. INTRODUCTION tions are excited coherently without exciting coherent vibra-
tEi)ons of an excited state. The laser spectrum is carefully ad-

observe real-time ultrafast dynamics in various materials oﬁus’ted to have appropriate overlap_ with the absorption
?Iﬁ)ectrum of the sample [polydiacetylene-4-butoxy

the femtosecond time scale, and many ultrafast processes
molecular systems in both excited and ground states hav%arbonylmethylurethangPDA-4BCMU)] fo prevent coher-

been revealeffl—3). The dynamics in materials, in particular ent excitation of the vibrations of the excited state and to

electronic excited-state dynamics, can be studied by transie f(Ck'}t_eer?grly thcir%m::grﬁ;a;? t\é':rlgtslgrz' Aeféf}[]mtﬁ?zg\,%f;tgﬁ
nonlinear spectroscopy techniques such as transient abso 9 gy P P ' y

) . : ; . the 0-0 transition and does not reach the 0-1 transition of the
tion, transient grating, and stimulated Raman scattermg.amloIe as shown in Fig. {Heren-m indicates a transition

With these schemes, impulsive excitations of wave paCk?tgetween thenth vibrational level of the electronic ground

by ultrashort pulses can offer important information on vi- oo . .
bronic coupling, conformational changes, and photochemica?tate and thenth vibrational level of the electronic excited

reactiong4—7]. In contrast to conventional stationary Raman stt;';}te)t Tc:j dt”V? ;[Ee 1-0 tkransnll_on by thle pur?p le;|S€ ahndt be
scattering experiments, which are relevant to the groundg €to he ec ;}Wlea noniinear potarization yr? (Iaero-
state vibrations, information about the excited-state vibra- yne scheme, the laser spe_ctrum mu_st cover t € lower
tions can be obtained by real-time spectroscopy using ulENergy reglo.rEe—EU_. The det?"ed analysis Of. the nonlinear
rocesses will be discussed in the next section.

trashort lasers. However, ultrafast spectroscopy has difficulti?
in separating the contributions of the excited-state vibrations - .

Recent advances in ultrashort lasers make it possible

e E
from those of the ground-state vibrations, because an ul- nerey

trashort laser pulse coherently induces both ground-state an | ¢>

excited-state vibrations with longer periods than the pulse vl g Stationary

duration. Only a limited number of experiments have over- v=0 Eo | absorption

come this difficulty so far, using chirped-pulse excitation
[8,9] and detailed analysis of the delay-time dependence of .
pump-dump pulses in stimulated Raman scattefit. In . P®
fact, impulsivereal-time nonresonanRaman scattering has I
been observed and applied to shortening the probe pulse dt =V | ¥! B 4
rations [11,12. This paper will demonstratepectrally re- v=0 0
solved real-timemeasurement of impulsivesonantRaman B Puwp  Probe
scattering, which allows us to study the ground-state vibra- ) ) _
tions exclusively. By using selective excitation, we limit the  FIG- 1. Diagram of the relevant third-order nonlinear process,
investigation of vibrational dynamics to two nonlinear pro- the energy levels, the arrangements qf the laser spectrum covering
cesses. Figure 1 represents a schematic diagram of a relev&Rg9ies fronk, to Ec~E,, and absorption spectrum arouBigand
third-order nonlinear process in which ground-state vibra-—e*Fv Of & sample sitable for the excitation of ground-state vibra-
tions. P®, third-order nonlinear polarizatiof,, absorption energy
of 0-0 transition;E,, vibrational energy involved in the nonlinear
process. Note: the transmittance charidashed line in the right
* Author to whom correspondence should be addressed. figure) occurs ate,—E,, by this nonlinear polarization.
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N |e> termined by the electronic longitudinal relaxation time
[14-16, which is usually much longer than periods of typi-
cal molecular vibrations. Two important conclusions can be
drawn from examining the diagrams in Fig. 3. First, the con-
Be, T2, & To, u tributions of the NL processes andB can be distinguished
experimentally by frequency-resolving the pump-probe sig-
nal because of the energy differeri€gof the photons emit-
ted by the nonlinear polarizations. Here we note that the

v . ; o .

e frequency difference between the nonlinear polarizations in-
By, Tq duced by NL processe& and B corresponds to the energy

v &> gap betweerg,) and|g). Second, generally the pump-probe

) signal at frequencies below the 0-0 transition can be influ-
FIG. 2. The three-level model and parametdis. absorption  oncaq by hoth ground-state vibrations and excited-state vi-

energy of 0-0 ransitiork,, vibrational energyfy, electronic trans- o0 ™ For frequencies above the 0-0 transition also, both
verse dephasing time between the ground state and the excited SIag%und-state and excited-state dynamics are gen,erally

T,4, vibrational transverse dephasing time between the vibrationa] . . .
. . e . present as a mixture of many nonlinear processes as in

states in the ground state; apdtransition dipole moment between CARS. CRS d Theref . " |

the ground state and the excited state. ’ , ana so on. Therefore, In a conventional reso-

nant pump-probe experiment, it is very difficult to find a
certain spectral range within which the nonlinear signal will
reflect excited-state dynamics exclusively. The polarizations
Athree-level model is assumed and we analyze two thirdef the NL processeA andB and the pump-probe signal were
order nonlinear processes contributing to the pump-probealculated with the help of the Feynman diagrams. The pa-
signal by the theory of nonlinear ultrafast spectroscopyrameters described in Fig. 2 are defined as follows. The en-
[13,14. We consider two vibrational levels in the electronic ergy, the transition dipole moment, and the transverse
ground state(|g) and |g,)) and one vibrational level in an dephasing time betweda) and|g) are E,=%w,, u, andT,,
electronic excited statge)) as described in Fig. 2. Figure 3 respectively, and those betweé®) and |g,) are E.—E,

Il. THEORY

depicts the double-sided Feynman diagrdfg for the two  =%(we—w,), #, andT,, respectively. The transverse dephas-
third-order nonlineafNL) processesA andB) representing ing time betweerlg) and|g,) is T,. The electrical fields of
vibrational excitations in the ground state. the pump and probe pulses are defined to have the same

Other nonlinear processes leading to the excitation of theenter frequency but different phases from each other. The
ground-state vibrations are not detected irthaterodyng  phases ofE,,{t) and Ep,dt) are defined asy,m, and
pump-probe experiment, because there is no spectral overlap,,, respectively. The electrical field is then represented by
between the probe pulse and the induced nonlinear polariza-
tions. There are several other nonlinear processes which con- ) ) )
tribute to nonlinear pump-probe signals such as coherent E(t) = Epumdt)exp(=iwgt = i6pump + Eprondt)eXp(= i wot
anti-Stokes Raman scatterict@ARS), coherent Raman scat- ~ 6,050 + C.C. (1)
tering (CRS), induced photon emission, bleaching of the pro
ground state, and induced absorption. However, in the fol-
lowing analysis of the vibrational dynamics, their contribu- It is assumed that the pump and probe pulses interact with
tion can be clearly separated, because their dynamics is déhe sample twice and once, respectively. The pump pulse

proceeds well ahead of the probe pulse in such a way that

(a) (b) only the sequence pump-pump-probe of the interaction be-
p\ | p\ tween pulses and the sample remains. The third-order non-
g <gl le>  <gl . . . .
linear polarizations of NL processé#sand B are described
& <l e <l using the rotating-wave approximation as
Epry Eprobe
Epump

. 3 o0 oo e
|
le>  <al / Epumh lew> <g Pf)(t,T):(—> M4J dt3f dtzf dt;
&> <el le>  <gl fi 0 0 0

E %
@ <l wmp EPUV' & < X Eprobdt = ta)Epumft =tz =tz + 7)

X Epumft—ta =ty =t +7)

X exf— i{(we = @, = o)tz — w,ty = (we — wo)ty

NL process A NL process B

FIG. 3. Double-sided Feynman diagrams of the two nonlinear
processes. I@) (NL processA), the energy of the nonlinear polar- o [ U 1 13
ization created by the final electronic coherence is lower than the gt + ep"’be}]ex T, T, T, 2
absorption energy by the vibrational energy involved.(ibn (NL
processB), the energy of the nonlinear polarization is the same as
the absorption energy. and
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respectively. The ultrashort envelopes of the pump and the 02

probe electrical fields are assumed todinctions in order

to Fourier transform Eqg2) and(3). The induced intensity ~ *°™— 400 450 500 550 600 680 700 75:'°
change of the incident pulse is proportional to the imaginary Wavelength (nm)

part of the nonlinear polarization multiplied by the conjugate

of the incident electric field. The pump-probe signals, ex- FIG. 4. The laser spectrum and the absorption spectrum of
pressed as the change of the optical transmission of theDA-4BCMU.

sample for the NL processes and B, can be written as

follows: [1l. EXPERIMENT
ATa(w,7) = (we— wv)lm[E;mbe(w)IB(?’)(w)] The sample is a cast film of red-phase PDA-4BCMU on a
I(w) * |~E )2 CaF, substrate. PDAs have strong absorption due to the
probd 1 lBu exciton in the visible wavelength range and are char-

T acterized by strong coupling between electronic excitation

< (we— wu)exp<— T_) and vibrational modes along the quasi-one-dimensional main
4 chain [19-21]. Therefore this coupling leads to prominent

—Q sin(w,7) + 7, cogw, 7) phonon sidebands of the typical stretching modes of double

02+ yg @) and triple bonds of carbon atoms in the absorption spectrum
with energies about 1500 and 2100 ¢nrespectively. The
and phonon sidebands are well separated from the zero-phonon
band so that we can excite the 0-0 transition and the 1-0
ATg(w,7) 7\ Q' sin(w,7) + y, codw,7) transition without exciting the 0-1 transition. Thellaser pu!se
W e - T_4) 02+ y% ) for the pump and probe is produced by a noncollinear optical

parametric amplifier seeded by white-light continuum
(5 [22,23 with a pulse compressor. The source laser of this

system is a commercially supplied regenerative chirped-
respectively, wheré(w) is the incident spectral intensity of pulse amplifier (Clark-MXR, CPA1000 seeded by a
the probe pulsey,=1/T,, Q=w-wstw,, and}' =w-w..  frequency-doubled fiber laser oscillatdMRA, Femtolite).
Real-time spectral changes of the probe pulse are present@the pulse duration, central wavelength, repetition rate, and
for both NL processe# andB. The signals are modulated power of the output of this amplifier are 120 fs, 790 nm,
aroundAT=0 and do not contribute so much to the inte- 1 kHz, and 400 mW, respectively. The laser developed in
grated spectral change throughout the delay time so that it isur group has a spectrum extending from 500 to 800 nm
difficult to observe this process by other spectroscopies. Th@hich could lead to a pulse duration of 4[4,25. How-
spectral width and the vibrational dephasing time in E45. ever, in the present experiment the high-energy spectral com-
and(5) are determined by the electronic dephasing tifge  ponent(500—550 nm was filtered out to prevent the excita-
and the vibrational dephasing tine, respectively. Using tion of the 0-1 transition of PDA-4BCMU by inserting a
this principle, the electronic dephasing time and the vibrablock at a compressor consisted of a grating, a concave mir-
tional dephasing time are distinguishable from each othekor, and a flexible mirror. The details of our 4-fs laser system
Because of the advantage of the real-time measurement, thise described if25]. Figure 4 shows the absorption spec-
calculation also demonstrates the dependence of the phasetaim of PDA-4BCMU and the laser spectrum after removing
the periodic modulation on the probe wavelength. The difthe higher-energy spectral components. The energy and in-
ference of the phases reachesetween the higher-energy tensity of the pump pulse at the sample were about 40 nJ and
region (|Q|> y,,Q2>0) and the lower-energy regiofi}f  0.18 GW/cmi, respectively, and those of the probe pulse
> v,,00<0). This is an appropriate criterion for the identifi- were about a quarter of those for the pump. Normalized
cation of the ground-state dynamics and separation of th&ansmittance changes were measured at pump-probe delay
cause of the vibration in such a spectrally resolved real-timéimes from =100 to 900 fs with steps of 1 fs.
experimen{8,17,1§. The details of the phase dependence of In order to detect the weak pump-probe signal at many
the experimental results will be discussed later. probed wavelengths, we applied the multichannel lock-in
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Reference (from chopper) lock-in detection is a natural solution to use all the informa-
tion in the probe and to avoid various experimental instabili-

, PC ties, such as sample degradation and laser instability. In this

128 bundle fibers experiment signals spectrally resolved by a polychromator
l APDs (JASCO, M25-Th at 128 wavelengths from 540 to 740 nm

were detected by avalanche photodiodes and lock-in ampli-
fied with a reference from an optical chopper modulating the

Multi-channel pump pulse at 210 Hz.
lock—in amplifier

v
r U Fiber - IV. RESULTS AND DISCUSSION

Probe

Several typical examples of normalized-transmittance
FIG. 5. Schematic of the multichannel lock-in amplifier with a changes at six wavelengths are shown in Fign).6The
pump-probe measurement system. APDs, avalanche photodiodgsower spectra of the Fourier transfokiT) of the acquired
PC, personal computer for data acquisition. signals at each probe wavelength are shown in Fig). \ith
a high-pass filter of cutoff frequency 333 th Positive
amplifier shown in Fig. 5 to time-resolved spectroscopy. Thephotoinduced transmittance changes especially found at 571
multichannel lock-in amplifier was specially designed for theand 603 nm can be attributed to the bleaching of the ground-
purpose of detecting low-intensity signals at many probedstate population. At the other probed wavelengths, where
wavelengths simultaneously over the whole probe spectrunneither bleaching nor photoinduced absorption is clearly ob-
Although multichannel detection of pump-probe signals haserved, periodic modulations aroudd/T=0 are found as
already been realized by a photodiode array or a chargegredicted by Eq(4). In Fig. &b), two prominent vibrational
coupled devicgCCD), they are less sensitive to low-level modes are found in the FT power spectra around 1500 and
signals buried in a large background, resulting in lower2100 cm'. They can be attributed to the stretching modes of
signal-to-noise ratio than in lock-in detection. Multichannel carbon-carbon double and triple bonds in the PDA main
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FIG. 6. Normalized transmittance changesT/T) (a) of the probe pulse as a function of the pump-probe delay time at six probed
wavelengths and FT power spectts of the oscillating components in the delay-time trace of the corresponding transmittance changes.
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FIG. 7. FT power spectra of the periodic components of the

pump_probe Signa| over the probed Wave|eng¢hy’ and z axes FIG. 8. The FT power S.peCtl’a: two extracted Spectrf_i from F|g 7
correspond to probed wavelengthm), FT frequency(cmi), and ~ around 1516 cnt (dotted ling and 2089 crii* (dashed ling two
FT power, respectively. modified spectra of which each wavelength is shifted toward higher

energy by the vibrational enerd¢516 cm? (bold dotted ling and
chain [26]. The relative intensities of €C and C=C 2089 cm*! (bold dashed ling from the spectra above, and the ab-
stretching are changing gradually with the probe wavelengtRBorbed laser spectrum of the samdelid line).
from 603 to 682 nm. In order to analyze this probe-
wavelength dependence in more detail, the FT power spectisroadened transitions of a sample. The latter could result in
at all probed wavelengths are calculated in Fig. 7. In thishe simultaneous excitation of different vibrational frequen-
figure, two broad signals are found around 570 and 625 nngies of the same mode because of electronic and/or vibra-
for the 1516 cm' mode, and two more signals are found tional inhomogeneity. This broadening is expected to cause a
around 570 and 665 nm for the 2089 Trmode. This figure shorter dephasing time of a oscillation by destructive inter-
clearly shows the dependence of the power spectrum of pderence among inhomogeneous groups.
riodic oscillations on the probe wavelength, which was indi- The probed spectral width along the horizontal axis cor-
cated in Eq(4), as the periodically modulated signal appearsresponds to the electronic dephasing time of the 1-0 transi-
athw=fw,—fw, Thatis, for the NL proces8, the modu- tion. This method provides only a way to determine the spec-
lated signals by different vibrational modes zogfl andw,; tral width of the 1-0 transition in the NL procesa.
appear below the absorption energy at w,—w,; and we  Similarly, the 0-0 transition can be determined by this

2, respectlvely In Fig. 7, the intense FT power of the method in principle, but it is difficult to determine accurately

1516 cm mode is found at 625 nm and that of the the spectral width of the 0-0 transition from the present data
2089 cm! mode is found at 665 nm due to the NL processbecause of the insufficient spectrum of the probe laser at its
A. In the NL processB, on the other hand, the nonlinear edge.
polarization has the same angular frequency as that of the In Fig. 8, two FT power spectra are extracted from Fig. 7
absorbed probe pulse,. In Fig. 7, the two peaks at 1516 and and are compared with the absorbed probe spectrum. In this
2089 cm* appear around the same wavelength of 570 nnfigure three groups of spectra are shown. The first one is
due to NL proces8. In the two-dimensional diagram of Fig. composed of two FT power spectra as a function of wave-
7, the spectral width of the signahm, horizontal axigis  length, extracted at 1516 ¢i(dotted ling and 2089 cm'
related to the electronic dephasing tifigbetweenle) and  (dashed ling The second one is the shifted FT power spec-
lg,), and the signal width as a function of frequerteyn™,  tra, which are obtained by shifting the extracted spectra by
vertical axig reflects the vibrational dephasing tirfig. This 1516 cm* (bold dotted ling and at 2089 cnt (bold dashed
is one of the advantages of the two-dimensional diagram ifine). The third one is the normalized spectrum of absorbed
impulsive Raman spectroscopy, in which the electronic andaser intensity, which is calculated from the spectra of the
vibrational dephasing times appear separately along the tweample absorption and the laser. This figure shows reason-
different axes. This vibrational dephasing tiriig (fs) and  able agreement between the absorbed laser spectrum and the
the spectral widthD (PH2) (full width at half maximum  shifted spectra, demonstrating that the ground-state vibra-
measured by stationary Raman scattering are expected timns appear in the real-time pump-probe signals even below
have the relationshig,=2/D. In Fig. 7, the width is larger the fundamental absorption edge.
than 2/T, since vibrational signals are obtained by Fourier In order to investigate the real-time dynamics of the
transform over a limited time range, shorter than the vibra-ground state in the pump-probe experiment, we applied lin-
tional decay time. It should be noted that stationary resonargar prediction—singular value decompositi@®-SVD) [27]
Raman scattering uses a narrow bandwidth laser, while imand determined the phases of the real-time data that is ex-
pulsive Raman scattering uses ultrashort laser pulses with @ected to be probe-wavelength dependent. The phase of a
wide bandwidth, which lead to exciting inhomogeneouslydumped oscillation is defined with the delay timethe de-
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FIG. 9. Phases of the periodic oscillatiqda516 cm?) at t
=0 fs and the fitted result using E().

cay time constant,, the angular frequency of the vibration
wy, and the optical angular frequenayas

;>C0{wvr
TO(wv!w)

+ d(w, w)]. (6)
The wavelength dependence of the phdde,,) for the

AT(1,0,,0) = Alw,, w)exp(—
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homogeneous broadening and if the inhomogeneity is taken
into consideration, the transverse dephasing time will be
longer. The phase offset of 0.25 rad indicates a delay-time
offset of 0.9 fs.

V. SUMMARY

In this paper we have demonstrated the spectrally re-
solved real-time observation of impulsive resonant Raman
scattering. The theoretical calculation and the results allowed
us to observe the probe-pulse spectral modulation by the
vibrations and two nonlinear processes among many other
processes.

The experiment in the present paper showed that the
ground-state dynamics occurs at an energy far below the ab-
sorption energy where the pump-probe signal would be in-
fluenced by the excited-state dynamics. This effect is often
confused with the excited-state vibrations in induced absorp-
tion. If a periodic oscillation could not be explained by the
ground-state dynamics, the oscillation would represent the
excited-state dynamics, which is expected to mediate confor-
mational changes and photochemical reactions.

We have also presented the two-dimensional diagram as a
function of both optical and vibrational frequencies. This
two-dimensional Fourier-transformed electronic-vibrational
resonance spectroscopy is quite suitable for the detection of
both resonance frequency and homogeneous broadening. In
conventional one-dimensional absorption and emission spec-

1516 cm® mode is plotted in Fig. 9. The phases at highertroscopies of medium size molecules, vibrational structures

energy (|| >y, Q>0) and at lower energy(|Q|> y,,

() <0) are approximatelyr/2 and -w/2, respectively. In
order to determine the center enefgyvw.—7%w,) of the peri-
odic signal described in Eg4) and the dephasing time,,

we fitted this phase dependence of the 1516'cmode
(w,=1516 cm?) on w by

- wet w,)
Y2
with the three parameters,—w,, y,, and . The obtained

(w,=1516 cm, w) = arctar( (@ ) + (7)

do not necessarily show up clearly because of the compli-
cated features caused by the spectral broadening. A two-
dimensional diagram resolved the overlapping vibrational

spectra to each vibrational mode as shown in Fig. 7. The
spectral widths show vibrational and electronic dephasing

times separately on two axes, although the data should be
carefully analyzed if the sample has inhomogeneous broad-
ening.
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