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Time-resolved study of ultrafast dephasing processes in solution

A. Kummrow, A. Lau, and K. Lenz
Max-Born-Institut fu¨r Nichtlineare Optik und Kurzzeitspektroskopie, Rudower Chaussee 6, D-12474 Berlin, Germany

~Received 26 December 1995; revised manuscript received 7 October 1996!

Electronic dephasing of solutions ofall-trans-bis-~dimethylamino!-heptamethinium chloride, its photoiso-
mer, and of 1,18,3,3,38,38-hexamethylindotricarbocyanine iodide~HITCI! is studied using forced light scatter-
ing by broad-bandwidth incoherent pump lasers in the wavelength region from 440 to 770 nm. The dephasing
slows down as the pump laser wavelength is tuned over the 0-0 transition. Photoisomer and parent heptame-
thine molecule show comparable behavior in dephasing experiments. Absorption line-shape analysis including
resonance Raman experiments indicates a considerable spectral cross relaxation in the absorption band of the
parent molecule. The results for HITCI are close to those reported for two-pulse femtosecond photon echoes.
@S1050-2947~97!06202-1#

PACS number~s!: 42.50.Md, 42.65.Re, 78.47.1p
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I. INTRODUCTION

Monitoring optical dephasing processes is an import
probe of static and dynamic properties of condensed ma
and has provided substantial information on the dynamic
elementary excitations in liquids. Solvation dynamics f
lowing electronic rearrangement of solute molecules, e
dye molecules or reactive species, has a dominant influe
on the energetic position and shape of the potential ene
surface. With respect to chemical reactions in liquids,
relaxation of the solvent molecules modifies the effect
potential energy surface dynamically and might even prev
back reaction of the evolving products@1#.

The linear response of the solvent can be described by
autocorrelation functionM (t) of the fluctuations in the elec
tronic transition energy of the solute molecules@2,3#. Mo-
lecular dynamics simulations~assuming Lennard-Jones liq
uids plus Coulomb potentials! were carried out for a numbe
of simple solvents to determineM (t) @2–4#. Direct experi-
mental access toM (t) is possible observing the time
dependent Stokes shift of the fluorescence, but the in
ultrafast dynamics on a time scale of a few 10 fs was
resolved up to now by this technique, mainly because of
difficulty of obtaining sufficient time resolution@1,2#. In ad-
dition, finite electronic dephasing times have to be cons
ered on this time scale.

Optical dephasing studies, like line-shape analysis or
photon echo, can be used to analyze the initial response
ing dye molecules as probe for solvation dynamics, si
optical dephasing depends onM (t) as well @5#. Electronic
dephasing in large molecules is usually discussed in term
the coherence loss of the transition dipole moment of a t
level system@5–14#. Experimental data presented here w
be analyzed adopting this scheme too. Clearly, large m
ecules are multilevel systems, if one considers the vibratio
sublevels of the Franck-Condon active vibrations explicit
Staying with the two-level model is possible by incorpor
ing the vibrational contribution to the molecular response
the form of a generalized line-shape function. For dynam
spectroscopy themultimode Brownian oscillator~MBO!
model has been used more widely in the context discus
here to project the multilevel wave packet dynamics into
551050-2947/97/55~3!/2310~11!/$10.00
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two-level scheme@5,14,15#. As the wave-packet dynamic
depends on excitation wavelength, the parameters of
MBO model should depend also on wavelength. Study
this relation between inherent electronic dephasing and
observed optical dephasing is the objective of our work. F
comparison the time correlator model will be used in abso
tion line-shape analysis. This model considers the vibratio
motion explicitly that can be derived from resonance Ram
spectra.

Optical dephasing above the 0-0 transition was stud
experimentally by Fujiwaraet al. using incoherent photon
echoes from cresyl fast violet in cellulose@15#, in which
solvation dynamics is slow even at room temperature. T
concluded that the faster dephasing above the 0-0 trans
was caused by a vibrational contribution, i.e., by increa
excited state vibrational excess energy and correspon
density of states. In this paper, we report an experime
study of vibronic dephasing in which the laser is tun
across the whole absorption band including the lon
wavelength absorption tail of a dye in solution. We w
show in the following that the dephasing rate undergoe
minimum to the red of the 0-0 transition for the heptam
thine dye studied here.

In our experiments, dephasing was not studied by pho
echoes but by time-resolvedforced light scattering~FLS!,
since this method is particularly suited to suppress the ef
of the nonresonant susceptibility that becomes larger in
wings of the absorption band@16#. In FLS, a grating is in-
duced by broadband pump lasers, which is probed by
fracting an additional narrow-band laser. The principles
this method have been described in a previous paper@13#.
For comparison of the dephasing measured by FLS us
incoherent broadband pulses with standard approaches,
plimentary results are reported also for solutions
1,18,3,3,38,38-hexamethylindotricarbocyanine iodid
~HITCI! in ethylene glycol, that have been studied also
femtosecond photon echoes@10–12,14#.

The next section contains experimental details of
broadband dye laser sources, used in this study, and the
perimental results obtained by FLS followed by their ana
sis. The discussion section gives a qualitative interpreta
of the results.
2310 © 1997 The American Physical Society
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55 2311TIME-RESOLVED STUDY OF ULTRAFAST DEPHASING . . .
II. EXPERIMENT

A. Laser sources

Application of incoherent light techniques relies on pro
erly constructed broadband dye lasers. High outcoup
from the laser resonator is mandatory to avoid spectral
narrowing and sweeping during nanosecond laser emis
@17#. On the other hand, amplified spontaneous emiss
sources exhibit a poor transverse beam profile. As a com
mise we used an uncoated glass plate as output coupl
our broadband dye lasers. The laser resonators had also
end mirrors, but an intracavity lens was introduced to obt
effectively a semiconfocal resonator. The latter was nec
sary to minimize the notorious problem of spectral substr
tures in the laser spectrum. All broadband lasers were tr
versely pumped with the second or third harmonic of
Q-switched Nd:YAG laser resulting in a laser pulse durat
of 3.5 ns. The laser wavelength was tuned by changing
laser dye, its solvent, and its concentration. Table I give
summary of the dye lasers used in this work. The couma
120 laser was rebuilt several times to study the reproduc
ity. The center wavelength varied between 439.5 and 442
and the full width at half maximum~FWHM! was between
8.8 and 10.1 nm. The spectral laser emission was chec
prior to each FLS experiment.

All broadband dye laser spectra were nicely Gauss
with the exception of the styryl 8 dye~Radiant Dyes Lase
Acc.!. This laser spectrum is plotted on the left hand side
Fig. 1 together with those from pyridine 1 and rhodami
6G ~logarithmic ordinate scale!. To the right, the noncol-
linear autocorrelation is plotted, which was measured wit
200mm thick BBO crystal. For non-transform-limite
broadband lasers, this autocorrelation has a background
decays on the scale of the nanosecond pulse duration.
background was normalized to unity in Fig. 1.

The narrow-band probe laser was either the second
monic of the Nd:YAG laser or a dye laser. The Nd:YA
laser had an intracavity etalon for linewidth narrowing a

TABLE I. Broadband dye laser characteristics.

Laser dye Solvent Concentration Pump Laser emis
(g 121) ~nm! Center typica

~nm! FWHM
~nm!

Coumarin 120 Methanol 0.33 355 440 9
Coumarin 47 Methanol 0.3 355 461 8
Coumarin 102 Methanol 0.4 355 477 11
Coumarin 152a Methanol 1.0 355 508 14
Coumarin 307 & Methanol 0.2 & 355 536 10
Coumarin 153 2.0
Coumarin 153 Methanol 4.0 355 546 16
Rhodamine 6G Methanol 1.2 355 585 10
Rhodamine 6G Methanol 0.4 532 571 5
DCM Methanol 0.35 532 634 19
DCM DMSO 0.4 532 667 17
Pyridin 1 Methanol 0.3 532 693 16
Styryl 8 DMSO 0.15 532 770 19
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the narrow-band dye laser used a grazing incidence arra
ment. So in both cases the linewidth was;0.1 cm21.

B. Sample absorption, fluorescence, and Raman spectra

We studied solutions of bis-~dimethylamino!hepta-
methinium chloride in ethanol at 1023 mol/l. The extinction
of the parent molecule is plotted in Fig. 2~a! ~solid line!. Far
to the red higher dye concentration is needed to obtai
detectable FLS signal. Thus experiments were carried
also using the solvent trifluoroethanol, which allows a co
centration of 931023 mol/l without evidence of dye aggre
gation. The normalized absorption spectra are the same
both solvents. HITCI was studied at 731025 mol/l in ethyl-
ene glycol@Fig. 2~a!, dashed line#.

A photoisomer~2-3-mono-cis-heptamethine! is produced
upon optical excitation of the heptamethine dye@18–20#. We
controlled the isomerization by recordingcoherent anti-
Stokes Raman scattering~CARS! spectra. The pump lase
was fixed at 585 nm and the Stokes laser was scanned. In
experiments, sample cuvettes~thickness 200–500mm) with
the dye solution were placed in the focus~diameter
;60mm) of the objective used to overlap the laser beams
the spectroscopic measurement~either FLS or CARS!. Fig-
ure 2~b! shows the CARS spectrum of the ethanolic he
tamethine solution obtained without using a prepulse~solid
squares!. There are weak Raman lines at 1122 and 11
cm21. It is well known that the photoisomer has two stron
Raman lines in this frequency range. To isomerize the h
tamethine dye, a prepulse~wavelength 480 nm! was applied
from the opposite direction with respect to the spectrosco
pulses. The time delaytPP between prepulse and the spe
troscopic pulses measured from peak to peak had a jitte
62 ns. The intensity of the prepulse was chosen to co
pletely isomerize all dye molecules, which occurred f
about 50mJ at 150mm focal size. Dramatic changes in th
CARS spectrum can be seen in Fig. 2~b!; note that identical
pump and Stokes laser intensity were applied for both sp
tra shown in Fig. 2~b!. The solid line in Fig. 2~b! is a fit to
the spectrum assuming Raman lines at 1072 cm21 and
1122 cm21. The characteristic C-C-N vibration of the pho
toisomer at 1072 cm21 appears immediately after photoexc
tation and can be followed for several microseconds indic
ing a correspondingly high lifetime even in the roo
temperature experiments considered here. From the
CARS intensity at 1072 cm21 without applying a prepulse, a
maximum isomerization below 2% is estimated as result
the action of the spectroscopic pulses themselves. Thus
contribution of the photoisomer is negligible in the FLS e
periment without prepulse excitation. The absorption of
isomer is known to be shifted to the red and is plotted also
Fig. 2~a! as dotted line@18#.

The fluorescence of heptamethine was measured in a
lute solution using single photon counting to minimize se
absorption. Excitation was performed with an argon ion la
at 514.6 nm. The fluorescence spectrum is discussed in
III C 2 in connection with the results obtained by FLS.

Intensities and frequencies of the Raman lines are nee
to deduce the amount of electronic dephasing induced bro
ening from absorption line-shape analysis. The strong fl
rescence from the dye solution does not allow us to rec

on



-
a-
r
s:

-
r-
-
n
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FIG. 1. Laser spectra and corre
sponding second-harmonic autocorrel
tion for three different broadband lase
dyes; open circles: experiment; line
Gaussian fits@double Gaussian in~c!,
dashed lines#; closed squares: calcu
lated from laser spectrum by Wiene
Khintichine’s theorem. There is a no
ticeable discrepancy to the solid line i
~d!.
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resonance Raman spectra with excitation wavelength
the absorption maximum. The upper spectrum in Fig. 3 w
recorded in methanolic solution exciting at 457.9 nm with
argon ion laser. The two strong Raman lines of metha
show up in the spectrum at 1034 and 1450 cm21 and are
marked by asterisks. Ethanol and trifluoroethanol have
merous Raman lines in the frequency range of Fig. 3
were, therefore, not used as solvent. The fluorescence is
siderably reduced in heptamethine crystals. The absorp
maximum of the polycrystalline solid is shifted to 522 nm
The Raman spectrum shown as the lower trace in Fig. 3
obtained with a Raman microscope in reflection geome
exciting at 488 nm with an argon ion laser. Both heptam
thine spectra shown in Fig. 3 differ only by weak hig
frequency modes. Such modes give negligible contributi
in line-shape analysis~see below!. The Raman spectrum o
the crystal was used in absorption line-shape analysis,
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cause it is not disturbed by solvent lines.

C. Forced light scattering

The two pump laser beams used for FLS were genera
by beam splitting of broadband laser radiation in a Mich
son interferometer. Their relative delay time will be denot
by t in the following. Pump and narrow-band probe las
beams were overlapped in a phase matched folded box
ometry. Details of the apparatus have been published e
where@13#.

We checked the linewidth of the diffracted FLS signal
440 nm pump laser wavelength and found no broaden
within our experimental resolution of 1 cm21 even for tem-
porally overlapping pump and probe pulses. Diffraction
caused by slowly decaying gratings, such as thermal
population gratings, which do not lead to substantial spec
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55 2313TIME-RESOLVED STUDY OF ULTRAFAST DEPHASING . . .
broadening of the diffracted beam. Thus no attempt w
made routinely for spectral filtering of the signal~white de-
tection limit!.

Electronic dephasing was studied at different wavelen
positions in the absorption band of the parent dye molec
as well as for the heptamethine photoisomer near its abs
tion peak. Figure 4 shows typical results for the measu
FLS signal. To visualize qualitatively the broadening of t
measured FLS signal as a function of delay time when
creasing the pump laser wavelength, the abscissa was s
to produce an equal width for the autocorrelation of t
broadband laser, that would be expected from the laser s
trum by applying the Wiener-Khintchine theorem~see be-
low! @13#.

Table II summarizes the results obtained by FLS. T
center wavelength of the applied broadband dye lase
given in each case and its emission bandwidth is expre
by the parameterWD ~see discussion section!. The probe
laser delay is the time interval between the two pump pu

FIG. 2. Upper diagram: Extinction of dye solutions used in t
study @symbols represent absorption line-shape analysis using
~7!–~10!#. Lower diagram: Scanning CARS spectra@solid squares:
parent molecule; open circles: photoisomer generated by preex
tion at 480 nm; solid line: fit using two vibrational frequenci
v j /(2pc), 1122 cm21 and 1072 cm21; time delaytpp5198 ns be-
tween excitation and spectroscopic pulses, narrowband pump
at 585 nm, Stokes laser scanned 619–647 nm#.
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on the one side and the probe pulse on the other.WE is the
FWHM of the FLS signal as function oft making a Gauss-
ian fit to the experimental points. The quantityDG character-
izes the optical response of the dye solution for the resp
tive pump laser wavelength~see below!.

III. RESULTS

The most important result of this paper is the strong
pendence of the dephasing rateDG of heptamethine on the
spectral position of excitation. Before we discuss this p
nomenon in detail we will exclude artifacts which could co
tribute to this result. The knowledge of the field autocorre
tion time of our broadband lasers is essential to carry out
deconvolution necessary to determine the molecular dep
ing time. Up to now we calculated the correlation time of o
broadband laser by the Wiener-Khintchine theorem o
@13,16#. Here we present second-harmonic generation~SHG!
measurements from which the autocorrelation time can
obtained on basis of experimental results~see subsection
‘‘broadband laser second harmonic generation’’!. In a further
step we proved the FLS method based on these nanose
broadband lasers in comparing values provided by
method on the dye HITCI with results obtained by two pu
photon echoes using femtosecond pulses~see subsection
‘‘HITCI’’ !. Last, additional information was extracted fro
our resonance Raman spectra of heptamethine calculatin
absorption line shape by the time correlator method~see sub-
section ‘‘absorption line-shape analysis’’!.

A. Broadband laser second-harmonic generation

Second-order harmonic generation and forced light s
tering are both second-order effects with respect to
broadband laser fields. However, since detection is p

s.

ta-

ser

FIG. 3. Raman spectrum of heptamethine~slowly variant fluo-
rescence background substracted!. Upper spectrum: in methanol ex
cited at 457.9 nm~asterisks indicate solvent lines!. Lower spectrum:
bulk crystals excited at full resonance at 488 nm~vertical bars in-
dicate the Raman frequencies used in data analysis!.
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FIG. 4. FSL signal as function o
relative pump delay time for two differ-
ent dyes~chemical structures shown a
header! above ~a!, ~c! and below the
0-0 transition ~b!, ~d!. Open circles:
FLS experiment; solid lines: autocorre
lation functions calculated by Wiener
Khintchine theorem.
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formed on intensity level, fourth-order correlation functio
enter in both signals. The second-harmonic signal as func
of delay is given by

I SHG~t!5^R~ t1t!R~ t !R* ~ t1t!R* ~ t !&, ~1!

whereR(t) is the randomly fluctuating part of the laser fie
obtained by separating the slowly varying pulse envelo
The brackets denote time average over the nanosecond
duration. The second-order correlationD(t) can be calcu-
lated from the laser spectrum by the Wiener-Khintch
theorem:

D~t!5^R* ~ t !R~ t1t!&}E
0

`

I P~v! exp @2 i ~v2vP!t#dv,

~2!

where I P(v) is the spectral density of the broadband la
intensity @e.g., Figs. 1~a!, ~c!, ~e!#. The FWHM of the
second-order correlation function as calculated from Eq.~2!
is given in Table II asWD . R(t) is assumed to be a circula
Gaussian complex random variable, i.e.,

^R~ t !&5^R~ t1!R~ t2!&50. ~3!
n

e.
lse

r

Hence the fourth-order correlation functions can be
pressed by second-order correlation functions@21#. For the
second harmonic one obtains

I SHG~t!5^R~ t !R* ~ t !&^R~ t1t!R* ~ t1t!&

1^R~ t !R* ~ t1t!&^R~ t1t!R* ~ t !&

511uD~t!u2 ~4!

where the normalizationD(0)51 was applied.
A 2:1 contrast ratio is expected from Eq.~4!. The experi-

mentally observed contrast ratio is between 1.5:1 and 1
in Fig. 1. The lower experimental contrast ratio was e
plained by the multiple transverse mode emission of tra
versely pumped dye lasers@22#. Imperfect spatial overlap o
the two pump pulses leads to SHG from different transve
modes which increases the base level.

The width of the coherence peak of the second harmo
should be identical to that calculated by Eq.~2!. This is the
case for the pyridine 1 laser and the rhodamine 6G laser in
Fig. 1: the solid squares calculated by Eq.~2! lie on the lines
that are fits to the second-harmonic signal. A 25% discr
ancy is found for the styryl 8 laser@Fig. 1~d!, see also Table
II #. This, however, was the only dye laser used in this stu
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TABLE II. Results of forced light scattering experiments@l: wavelength;WD : calculated autocorrelation
time of the broadband laser~SHG: result from second-harmonic generation experiment!; WE : measured
width of the FLS signal;DG : deduced dephasing rate#.

Pump laser Probe laser FLS
l (nm) WD (fs) l (nm) delay~ns! WE (fs) DG (THz)

HITCI
691 72 532 8 75 81
771 62 532 12 83.6 30

~SHG 79! ~SHG 61!
All- trans-heptamethine

440 45.5 532 8 47.6 120
442 45.4 532 8 46.5 166
441 39.8 730 0 43.2 99
461 53.6 532 8 57.5 80
508 38.7 550 0 49 55
536 57.6 572 0 68.9 44
546 37.6 465 0 38.9 -

730 0 48.1 55
585 69.3 660 0 94.2 26
571 120 730 0 132 30

150 560 12 166 23
634 43.5 730 0 57.6 44
667 51.0 730 0 54.9 82

2,3-mono-cis-heptamethine
536 57.6 572 0 63 63
585 69.3 660 0 85 33
pe
e
s

on
n
es
d
us
e
t

b
el
-
p

a

re
ti

e

sit

.
nd-
the
5
es-

f.

al
ri-
that was not emitting a Gaussian laser spectrum. The s
trum displayed in Fig. 1~c! could be explained by a mixtur
of laser emission and superluminescence, that broaden
spectrum on the long wavelength side. Figure 1~c! shows a
double Gaussain fit to the experimental spectrum with
subline centered at 768 nm having a width that correspo
to correlation function measured by SHG. Superlumin
cence has a much higher beam divergence and therefore
not contribute significantly to the second harmonic beca
of its low focal intensity. So the measured width of th
second-harmonic coherence spike can be interpreted as
laser correlation width.

B. HITCI

In the theory applied here for data analysis, the pro
laser field invention is assumed to be after both pump fi
actions@13#. This is definitely justified for the FLS experi
ments with HITCI since pump and probe pulses were se
rated on a nanosecond time scale~for zero delay see below!.
The optical dephasing of HITCI in ethylene glycol was me
sured by short pulse photon echoes@10,11,14#. The line
broadening functionsg(t) used to fit those experiments a
plotted in Fig. 5. They are in good approximation quadra
functions, so that response functions of the form

exp @2g~ t !#5 exp ~2DG
2 t2/2! ~5!

will be used in the following to fit the FLS signal, wher
DG is regarded as a fit parameter.

The delay time dependence of the FLS signal inten
can be calculated from@13#:
c-

the
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e
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c
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I FLS~t!}const1U E
2`

`

D~ t2t! exp @2g~ utu!#dtU2, ~6!

where the correlation functionD(t) can be taken from Eq
~2! or from the coherence spike measured by seco
harmonic generation. This leads to an ambiguity only for
experiment with the styryl 8 laser. The solid line in Fig.
was obtained with 20 fs pulses matching the dye’s fluor
cence maximum at 770 nm@11#. Analyzing the results of
Fig. 4~d! with the experimental correlation width in Fig. 1~d!
givesDG561 THz, which fits the photon echo result of Re

FIG. 5. Line-broadening functions describing the optic
dephasing of HITCI in ethylene glycol; open circles: FLS expe
ment; lines: femtosecond photon echo~@10#: dotted lines;@11#: solid
line; @14#: dashed line!.
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2316 55A. KUMMROW, A. LAU, AND K. LENZ
@11# within 10% ~open circles!. CalculatingD(t) from Fig.
1~c! ~non-Gaussian intensity spectrum! would have given the
incorrect valueDG530 THz. This shows that, providing cor
rect deconvolution of Eq.~6!, FLS can be used to determin
dephasing rates, making it an alternative method to the
pulse photon echo. FLS based on excitation with broadb
nanosecond laser pulses has a very high efficiency, b
limited dynamic range of measurement. Due to the high
ficiency FLS enables one to measure dephasing rates
broad spectral region, far broader than the absorption ban
the chromophore under investigation. Therefore depha
rates far off the resonance can be performed. Due to
limited dynamic range information of the early contributio
to the dephasing rate can only be obtained~approximation by
a Gaussian function!. Whereas for FLS~as well as for two-
pulse photon echo! it is not possible to separate contributio
of fast and slow processes to the dephasing rate, as ca
done by fifth-order three-pulse photon echoes@23# or phase-
locked heterodyne photon echo techniques@24#, the wide
wavelength range of possible excitation can provide ad
tional insight into the role of vibrations for ultrafast depha
ing.

For HITCI excitation at a second wavelength position
691 nm was carried out. For the applied broadband laser
pyridine as active dye the Wiener-Khintchine theorem a
second-harmonic coherence spike give identical correla
widths. At 691 nm,DG581 THz is obtained. This value i
noticeably higher than at 771 nm.

C. Heptamethine

1. Temporally overlapping pump and probe pulses

Most of the FLS experiments with the heptamethine d
were carried out with temporally overlapping pump a
probe laser pulses, because this gives the highest signal l
In this case the spectral position of the probe laser is rele
~see Table II for a pump wavelength of 546 nm!. Coherent
coupling between pump and probe laser pulses is poss
i.e., diagrams with field action of the probing pulse befo
action of the pump pulses have to be considered. These
tributions have been analyzed theoretically by Yanget al.on
the basis of Lorentzian spectral densities@25#. They are im-
portant, if the absorption at probe laser wavelength is
small compared to the absorption at the pump laser wa
length, provided that the spectral width of the laser is sm
compared to the width of the absorption line. In additio
pump probe coupling mediated by a high-frequency Ram
resonance has too low efficiency for heptamethine, as
origin shifts are small for high frequencies, as shown in S
III C 3.

We checked these theoretical considerations for a pu
laser wavelength of 546 nm using two different probe la
wavelength values: 465 nm and 730 nm~Table II!. The ex-
tinction of the heptamethine dye is 2.5 times higher at 4
nm than at 546 nm~pump laser!. So for these special cond
tions the additional contributions might even dominate
signal. The negligible difference between the observed w
WE538.9 fs and the autocorrelation widthWD537.6 fs
does not therefore imply a nearly instantaneous opt
dephasing at 546 nm. At 730 nm the absorption for the pr
beam is more than 100 times less, allowing us to use Eq~5!
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for data analysis, givingDG555 THz ~Table II!.

2. Wavelength dependence of optical dephasing

The quantityDG derived from the experiment is plotted a
function of pump laser wavelength at the bottom of Fig.
The spread of the data points at;440 nm can be explained
by an uncertainty of 0.5% forWE andWD . The error bars in
Fig. 6 are calculated assuming twice this uncertainty. T
optical dephasing rate shows a pronounced minimum
about 580 nm. This minimum lies to the red of the spect
position of the fluorescence maximum.

In the upper part of Fig. 6 a fluorescence spectrum
shown obtained exciting the solution of heptamethine
514.6 nm~solid line!. Even qualitatively the fluorescence
not the mirror image of the absorption spectrum that is in
cated also in Fig. 6. This is not surprising, since the quant
yield for isomerization is rather high~about 0.7@18#!, so that
there are dominant contributions from other molecular c
figurations. Time resolved CARS experiments and quant
chemical calculations have shown that the excited state
heptamethine has a double well potential@26#. The trans-cis
isomerization proceeds through an intermediate state twi
by 90° out of the molecular plane. All of these states c
contribute to the fluorescence. The fluorescence peak at
nm is shifted by 1550 cm21 with respect to the absorptio
maxima of the parent molecule~511 nm!. The 0-0 transition
lies exactly in the middle~on the frequency axis! between
absorption and fluorescence maximum provided they

FIG. 6. Comparison of wavelength dependent optical depha
of heptamethine solutions~lower diagram, TFE: solvent trifluoro-
ethanol! with linear absorption and fluorescence~upper diagram!.
The minimum dephasing rate is observed to the red of the fluo
cence maximum. Dotted lines: vertical: wavelength position of 0
transition; horizontal: dephasing rate calculated from absorp
line shape ignoring vibrational contribution. Open circles: mirr
image of the absorption spectrum.
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mirror images. As the latter is not the case~Fig. 6!, the
position can only be estimated to be near 532 nm. Prev
absorption line-shape analysis have put the spectral pos
of the 0-0 transition in the range from 518 to 523 nm@27#.
However, only raw fits were made assuming Lorentz
spectral densities. An advanced analysis will be given be
that gives an improved fit to details of the absorpti
line shape.

Comparing the dephasing measured for the isomer w
that found without prepulse excitation~parent molecule!
shows slightly higher values for the isomer for the sa
wavelength~Table II!. The FLS experiment was repeated f
different times intervals between prepulse and the F
pulses from partial pulse overlap up to several microseco
The deduced dephasing rate remains constant within ex
mental uncertainty~Fig. 7!. This indicates that photochem
cal dynamics plays no role on a nanosecond time scale,
that the isomer behaves like an ordinary dye molecule
mediately after photoproduction. The slightly higher deph
ing rate for the isomer was expected from the redshift of
absorption maximum compared to the parent molecule.

3. Absorption line-shape analysis

Absorption line-shape analysis is based here on the t
correlator model that was introduced around 1980@28#. In
this model the line-broadening function is a sum of a p
electronic contribution and the vibrational contributio
@5,29,30#:

FIG. 7. Optical dephasing of the heptamethine solution obser
at 585 nm for different timestpp between prepulse and FLS expe
ment ~chemical structure of the investigated 2,3-mono-cis-
heptamethine shown as inset!.
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gA~ t !5gE~ t !2Z(
j51

N

zj
2@~ n̄ j11! exp ~2 iv j t !

1n̄ j exp ~ iv j t !#. ~7!

The sum in Eq.~7! runs over the most prominent Rama
active vibrational modes~frequencyv j , squared origin shift
zj
2 , thermal population numbern̄ j ), Z being an overall
weighting factor for the vibrational contribution resultin
from absolute values of the Franck-Condon factors. Ram
frequencies and squared origin shifts were deduced from
Raman spectrum depicted in Fig. 3 following the proced
outlined in Ref.@29#. The results are given in Table III. A
the zj

2 were normalized so thatzj
251 for the 216 cm21

mode,Z is the absolute value of the squared origin shift
this mode.

Different forms of the electronic part are assumed in
erature for absorption line-shape analysis. In Ref.@27# a
simple homogeneously broadened electronic transition
assumed, i.e.,gE(t)5Gt. It is well known that such an ap
proximation cannot fit the wings of the absorption band
the experimental absorption drops much more rapidly on
long wavelength side. Nice fits were obtained for a differe
dye by using the Bloch model,

gE~ t !5Gt1D2t2/2, ~8!

where G was interpreted as homogeneous broadening
D can either represent an inhomogeneous broadening o
cumulative effect of low frequency bath modes on dephas
@29#, We will use this approach too. Alternatively, the Kub
model can be used@10–14#, where

gE~ t !5DK
2 /LK

2 @exp ~2LKt !1LKt21#. ~9!

d

TABLE III. Raman active modes and their squared origin sh
as derived from resonance Raman intensities for heptamethine
tals ~excitation 488 nm!.

Mode Integrated Raman Squared origin
frequency intensity shift
(cm21) ~arb. units! ~arb. units!

216 45 1.00
255 57 0.95
357 14 0.10
465 43 0.16
537 5 0.01
852 17 0.01
927 22 0.01
1122 75 0.03
1164 12 ,0.01
1191 15 ,0.01
1239 16 ,0.01
1303 80 0.03
1406 64 0.03
1529 100 0.05
1569 41 0.02
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HereLK is the inverse of the bath correlation time andDK is
the modulation strength.

Linewidth broadening caused by finite excited state li
time of the order of 30 ps is negligible in absorption spec
of dye molecules in solution, so that the absorption is giv
by

A~v!}ReE
0

`

dt exp @ i ~v2v00!t2gA~ t !#, ~10!

wherev00 is the 0-0 transition frequency. The simulatio
usedZ51.15, G515 THz, andD553 THz for the Bloch
model. The absorption is well reproduced by this parame
set for the whole wavelength range studied by forced li
scattering~Fig. 2!. The circles in Fig. 6 were calculated b
reflecting the absorption curve at the position of the 0-0 tr
sition, that was calculated to be at 2pc/v005527 nm. This
wavelength position is indicated in Fig. 6 as a vertical dot
line. The magnitude of the calculated curve was normali
with respect to the experimental fluorescence in a way
the integrated fluorescence corresponds to the quantum
of 30% for recovering the all-trans configuration after an
optical excitation cycle. Noteworthy, equivalently nice fits
the absorption are obtained using the Kubo model w
LK56.5 THz andDK562 THz.

IV. DISCUSSION

A. Magnitude of the dephasing rate

Line-shape analysis of stationary absorption spectra
sumes a single electronic sublevel that is dressed by coup
to vibrational modes that are seen in resonance Raman s
tra. A broadening by other interactions is not resolv
Forced light scattering offers an additional insight as int
actions between sublevels not covered by the laser spec
do not contribute to the measured dephasing as long as
are slow compared to the time resolution indicated by
actually measured widthWE ; i.e., the additional information
comes from the ability to perform a kind of transient ho
burning. The dephasing rate constantDG has the meaning o
the linewidth of the transient hole that is assumed to h
Gaussian shape. A slow interaction is responsible for
relaxation to the whole absorption linewidth seen in line
spectroscopy. This process can be called spectral cross r
ation.

The line-broadening function as given by Eq.~7! is com-
plex. In order to facilitate a comparison with the model
Eq. ~5!, we insert the line-broadening function~7! in Eq. ~6!
assuming a Gaussian autocorrelation functionD(t) of the
laser pulse. The resultingI FLS(t) is also Gaussian down t
the percentage level, provided that the width ofD(t) is
larger than 20 fs, so that the vibrational motions do not
come resolved. The deducedDG resulting from deconvolut-
ing of this calculatedI FLS(t) is equal to 140 THz, which
corresponds to the overall absorption linewidth. So this va
can be compared with the measured FLS data plotted in
6. All measured values ofDG are less to or equal than 14
THz and in addition they show a wavelength dependen
discussed below.

The model used to derive Eq.~7! makes three simplifying
assumptions: First, the Condon approximation ignores
-
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dependence of the electronic transition moment on nuc
coordinates. Second, equal vibrational frequencies and
mal coordinates are assumed for all electronic states. Th
only one excited electronic state is assumed. Molecu
orbital calculations strongly suggest that the third assump
is correct for the heptamethine absorption at 511 nm@31#.
The second assumption cannot be fully correct because
toisomerization takes place. This could allow one to mi
mize the vibrational contribution. If the vibrational contribu
tion in gA(t) is neglected, thenDG565 THz rather than 140
THz is calculated~Fig. 6, horizontal dotted line!. However,
the lowest experimentalDG are less than half this value. Thi
demonstrates that either the Condon approximation is
lated or the vibrational contribution to the total dephasing
the 140 THz width is higher than calculated by Eq.~7!. A
considerable contribution of photoisomerization to optic
dephasing was already discussed for bacteriorhodopsin@32#.
These calculations indicate that indeed the vibrational c
tribution to dephasing is underestimated in general by Eq.~7!
in the case of complicated excited state potentials. So
discrepancy between the calculated 65 THz and the m
mum observed value of (25610) THz does not indicate a
violation of the Condon approximation.

In general, observing a smaller dephasing rate than gi
by the overall absorption linewidth is indicative of inhom
geneous broadening. In room-temperature liquids this in
mogeneous broadening disappears typically on a time s
up to 1 ps, which is called spectral cross relaxation time@9#.
For longer time scales the absorption line appears to be
sentially homogeneously broadened. The spectral cross
laxation is explained by nuclear motions in the solvent m
ecules. In the case of heptamethine, however, the reaso
observing small dephasing rates around 580 nm is m
likely related to complicated intramolecular nuclear motion
So the transition to the homogeneously broadened absorp
line seen by linear spectroscopy is a spectral cross relaxa
in a broader sense, since it arises from an intramolec
interaction. Of course, as in other two-photon experimen
no decisions can be made between contributions of diffe
fast and slow dephasing processes toDG by forced light
scattering, so that the dynamic of this spectral cross re
ation cannot be resolved.

B. Wavelength dependence of the dephasing rate

All dyes studied in this work have in common that th
optical dephasing relevant to FLS experiments becom
faster when the pump laser is tuned to the blue side of
0-0 transition. Such an accelerated dephasing in the blue
of the absorption band was reported earlier for incoher
photon echoes@15,33#. These observations were explaine
by considering the vibrational contribution to dephasing
the electronic transition. Exciting to the blue of the 0-0 tra
sition, as in our experiment at 691 nm for HITCI, prepar
highly nonstationary wave packets that move out of
Franck-Condon region very quickly@33#. This process re-
duces the coherent polarization detected by the second
layed pulse. Thus the optical dephasing is faster to the b
side of the 0-0 transition. This basic effect is a result
probing at different wavelength positions in a multilevel sy
tem.
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Wave-packet dynamics is usually analyzed assum
parabolic potentials@32#. Stationary excited state wave pac
ets are expected for exciting to the minimum of the exci
state potential, which coincides with the frequency posit
of the relaxed fluorescence maximum. This is correct eve
there are different vibrational frequencies or normal mo
in the excited state. However, ground state wave-packet
tion can contribute to dephasing as well. Ground state wa
packet motion is smallest for excitation at the absorpt
maximum. So the minimum vibronic dephasing is expec
to be exciting at or near the 0-0 transition. This is not t
case for the heptamethine dye concerning the calculated
sition of the 0-0 transition, as minimum dephasing is o
served at 570–580 nm, a position which is shifted even
the red of the fluorescence maximum.

Most relevant in discussing this discrepancy is to note t
the heptamethine dye can have a variety of isomeric st
tures, the all-trans configuration~shown in Fig. 4! being the
most stable isomer in the ground state. Thermal excita
could potentially generate other isomers. The CARS exp
ment can only pose an upper limit of 2% for the isom
concentration@Fig. 2~b!#. The fit to the absorption line shap
is nice even up to 620 nm, so that there is no indication
other isomers being present prior to optical excitation. C
responding to the high isomerization efficiency of 0.7 up
photoexcitation near the absorption maximum, the m
stable configuration in the excited state is the 2,3-monocis
isomer ~structure shown in Fig. 7!. Thus the excited state
potential energy surface cannot be parabolic with the sa
curvature as in the ground state. This argument is suppo
by the complicated fluorescence spectrum. The minimum
the dephasing rate observed far to the red of the 0-0 tra
tion could therefore be related to the complicated poten
energy surface, which might have minimum vibrational d
namics contribution at;580 nm. Correspondingly, the in
creased values ofDG at even larger wavelengths could al
lli

tt
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be interpreted as result of a growing contribution of excit
vibrations.

V. CONCLUSIONS

The feasibility of using forced light scattering to measu
electronic dephasing was demonstrated by comparison
two pulse femtosecond photon echoes from HITCI, yieldi
equivalent results. Electronic dephasing ofall-trans-bis-
~dimethylamino!heptamethinium and its photoproduce
metastable isomer was studied experimentally in detail
excitation in a very broad spectral region from 440 nm up
667 nm making use of the high efficiency of FLS. The spe
of optical dephasing shows a pronounced minimum to
red of the~calculated! 0-0 transition. The broadening param
eter deduced by deconvolution is larger for the isomer th
for the parent molecule, which can presumably be attribu
to the redshifted absorption band of the isomer. A qualitat
physical explanation for the wavelength dependence of
dephasing rate is given considering different molecular c
figurations in the excited state and different contributio
from vibronic states. Excitation at higher vibronic states p
pares wave packets moving faster out of the Franck-Con
region the more vibronic levels are involved, reduci
thereby the coherent polarization detected by the second
layed pulse. A quantitative description of optical dephas
requires further work. Comparison with absorption lin
shape analysis indicates a considerable spectral cross r
ation for the heptamethine dye.

ACKNOWLEDGMENTS

This work was supported by the Deutsche Forschungs
meinschaft. We thank R. Goleschny for technical supp
and Dr. M. Pfeiffer and Professor T. Elsa¨sser for stimulating
discussions. We are very grateful to Dr. L. Da¨hne, Free Uni-
versity Berlin, for providing the heptamethine dye.
A.

. B

r,
@1# R. J. Jimenez, G. R. Fleming, P. V. Kumar, and M. Maronce
Nature369, 471 ~1994!.

@2# M. Maroncelli, J. Mol. Liq.57, 1 ~1993!.
@3# T. Fonseca and B. M. Ladanyi, J. Phys. Chem.95, 2116

~1991!.
@4# L. E. Fried, N. Bernstein, and S. Mukamel, Phys. Rev. Le

68, 1842~1992!.
@5# S. Mukamel, Annu. Rev. Phys. Chem.41, 647 ~1990!.
@6# P. C. Becker, H. L. Fragnito, J.-Y. Bigot, C. H. Brito Cruz, R

L. Fork, and C. V. Shank, Phys. Rev. Lett.63, 505 ~1989!.
@7# J.-Y. Bigot, M. T. Portella, R. W. Schoenlein, C. J. Bardee

A. Migus, and C. V. Shank, Phys. Rev. Lett.66, 1138~1991!.
@8# E. T. J. Nibbering, D. A. Wiersma, and K. Duppen, Phys. R

Lett. 66, 2464~1991!; 68, 514 ~1992!.
@9# T. Joo and A. C. Albrecht, Chem. Phys.176, 233 ~1993!.

@10# M. S. Pshenichnikov, K. Duppen, and D. A. Wiersma, Ph
Rev. Lett.74, 674 ~1995!.
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