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Forced light scattering using broad-bandwidth incoherent pump light (A,z =508 nm, full width at half
maximum hA, z =13.8 nm), and narrow-bandwidth probe light is investigated experimentally and com-
pared with self-diffraction. Forced light scattering improves the dynamic range of measurement by an
order of magnitude compared to self-diffraction. A theoretical analysis of this scheme is presented. The
technique is used to measure the dephasing kinetics of solutions of crystal violet and bis-
(dimethylamino)heptamethine. Resulting from the relatively large autocorrelation time of 40 fs, the ex-
perimental signals show no influence from inhomogeneous broadening of the absorption bands; the de-
phasing kinetics can be characterized by a dephasing time T2 =10 fs and an intrinsic correlation time
rc =30 fs with a weak modulation (center frequencies ranging from 800 to 1200 cm ), which is attribut-
ed to a coherent motion of the molecule (vibration). The dephasing kinetics of crystal violet shows a
close agreement with the dephasing kinetics of malachite green previously reported for two-pulse photon
echoes with ultrashort pu!ses [P. C. Becker et al. , Phys. Rev. Lett. 63, 505 (1989)].

PACS number(s): 42.65.Re

I. INTRODUCTION AND SURVEY
OF PREVIOUS WORK

Optical dephasing experiments can be applied to study
static and dynamic properties of condensed matter, e.g.,
semiconductors or dye molecules dissolved in solution.
For vibrational transitions in molecules, dephasing
occurs within a time ranging from 100 fs up to a few pi-
coseconds, as found using time-resolved coherent Stokes
or anti-Stokes scattering. By contrast, the optical de-
phasing of electronic transitions develops more rapidly at
room temperature. Recently developed laser systems al-
low one to generate pulses of well below 100-fs duration
[1—8]. Using such pulses the dephasing of electronic
transitions can be monitored in real time. Prior to 1986
pulses of approximately 70-fs duration were used to in-
vestigate dye molecu!es (e.g. , Nile blue and cresyl violet)
in solution and polymer host [9—12]. The results of these
experiments are explicable in terms of a predominantly
homogeneous broadening at room temperature with a de-
phasing time &20 fs.

The experiments were repeated subsequently using
shorter laser pulses with duration ~ 10 fs providing some
insight into the details of the dephasing kinetics. In pho-
ton echo experiments using such pulses, deviations from
the dephasing of a homogeneous broadened line were ob-
served in several different respects [13—19]. One devia-
tion is a nonmonotonic decay of the coherence peak. Os-
cillations were found on the decay of the coherence peak
for Nile blue and malachite green, which can be related
to vibrational modes of the dye molecule [13,16,17]. In
addition, the signal peak does not appear at zero delay
for Nile blue, LD690, and cresyl violet [13,18]. However
it should be noted that the peaks appear at zero delay for
malachite green and resorufin [13,14], so that peaking at
nonzero delay could probably be a speciality of the oxa-

zonium dyes. Finally an asymmetric form of the coher-
ence peak was found for Nile blue, malachite green, and
resorufin, but not for cresyl violet [13—16,18,19].

Though not all of the deviations are found for all dyes,
the consideration of models not only assuming simple
homogeneous broadening is obviously in order for experi-
ments using pulses of —10 fs duration. The experimental
data obtained on this time scale can widely be explained
by the optical analog of the Kubo model [20—25]. For a
description of details of the non-Markovian dephasing,
the more advanced multimode Brownian oscillator model
was introduced [14,15,19].

In this paper we propose the application of a method
(see Note added. ) to study the dephasing of electronic
transitions, which applies incoherent light instead of fem-
tosecond pulses. Ten years ago, groups in Japan and
America recognized independently that the experimenta1
time resolution is given by the correlation time of the
laser light and not by the pulse duration [26—29]. This
means that pulses with femtosecond duration are not
necessarily needed; only femtosecond correlation time is
required. Such a short correlation time can be realized
quite easily with a non-transform-limited broadband dye
laser, The desired laser wavelength is obtained by choos-
ing a suitable laser dye.

A fundamental drawback of all degenerate four-wave
mixing experiments is that the stray light from the sam-

ple limits the dynamic range of measurement. In princi-
ple the stray light can be reduced by spatial 61tering, but
this reduces the signal level as well.

The scheme of forced light scattering to study ultrafast
dephasing processes in large molecules, presented here,
uses incoherent pulses generated in a broadband dye laser
to generate a phase grating in the sample from which a
coherent laser beam at a different frequency is scattered
to determine the phase relaxation kinetics. The frequen-
cy co& of this third beam is chosen in the transparent re-
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gion of the dye solution, so that the signal is not partially
absorbed as in the self-diffraction scheme. In addition,
the intensity of the probing beam can be much higher
than the intensity of the pump beams, since the probe
laser frequency is not in one-photon resonance and does
not change the population of the electronic levels. A
third advantage is that the direction of the probing beam
can be phase matched. The self-diffraction is possible
only for optical thin gratings [30,31].

In Secs. II and III we present experimental results for
two dyes in solution showing that the dynamic range of
forced light scattering exceeds that of self-diffraction by
one order of magnitude, resulting in highly reliable and
accurate information on phase relaxation. Within the ex-
perimental accuracy, the data are consistent with results
form comparative self-diffraction experiments. Section
IV gives a theoretical analysis of forced light scattering
by incoherent pump beams with scanned delay time. Our
experiments use incoherent light with an autocorrelation
time of 40 fs. On this time scale, only small deviations
from homogeneous dephasing are expected in view of
previous experiments with ultrashort pulses of compara-
ble duration. A general approach to more complicated
dephasing kinetics will be considered in Sec. IV, since our
method is in principle not limited in resolving these pro-
cesses. Merely incoherent broadband lasers with a higher
bandwidth have to be developed for this purpose. Section
V is devoted to the discussion of the experimental results.
The dephasing kinetics obtained for crystal violet will be
compared with real time photon echo experiments on
malachite green previously reported by Becker et al.
[13]. Potential surface parameters previously determined
by resonance coherent anti-Stokes Raman scattering
(CARS) are used to analyze the results for the hep-
tamethine dye.

II. EXPERIMENTAL METHOD

The broadband laser was a coumarin 152a dye laser
transversely pumped at 355 nm with the third harmonic
of a Q-switched Nd:YAG laser (where YAG denotes yt-
trium aluminum garnet, t~ is 6 ns, and the pump energy
is 10 mJ). The laser had a 10-cm-long hemispherical
resonator with an aluminium-coated concave mirror and
an uncoated flat glass window as output coupler. Spec-
tral line narrowing in the course of a nanosecond pulse
was avoided using an output coupler with a low
reflectance of only 4%. The shot to shot stability of the
laser spectrum shown in Fig. 1 was checked with an opti-
cal multichannel analyzer. The pulse duration amounted
to 3 ns. The output of the broadband laser was passed
through a polarizer to obtain a linearly polarized excita-
tion for the scattering experiment.

The theoretical analysis of the experiment is easier if
the probing laser has a small linewidth because the dy-
namic properties of a narrow-band laser can be ignored
then. The narrow-band laser light of the probe beam was
generated with tunable dye lasers using a standard graz-
ing incidence arrangement, which gave a linewidth below
1 cm '. We used a coumarin 153 dye laser pumped at
355 nm to obtain narrow-band laser light at
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FIG. 1. Broadband laser spectrum. The experimental points
are Stted with a Gaussian distribution centered at A,& =508 nm
and a FWHM of hA, &

= 13.8 nm.

FIG. 2. k& and k2, broadband pump beams (frequency co& );
k„narrow-band probe beam (frequency m+) k3 4 self-
difFraction signals (photon echo); k6 7, forced light scattering sig-
nals (stimulated photon echo).

550 nm for experiments with heptamethine molecules.
A DCM (4-dicyanomethylene-2-methyl-6-(p-dimethyl-
aminostyryl)-4H-pyran) dye laser pumped at 532 nm was
applied in experiments with crystal violet. The DCM
laser was operated at 650 nm, so that the probe light is al-
ways outside the absorption band of the investigated dye.
The term O-O transition is used here for the optical tran-
sition from the lowest vibrational level in the ground
state to the lowest vibrational level in the electronically
excited state.

The broadband beam was split in a Michelson inter-
ferometer with scanned delay time (step width 6.7 fs).
Using an objective with 100-mm focal length, the two
broadband laser beams and the narrow-band laser beam
were overlapped. The focus size in the sample cuvette
was 100 pm and the thickness of the cuvette amounted to
200 pm. The energy per beam was typically 15 pJ.

The beams were arranged in a folded box arrangement
as sketched in Fig. 2. The broadband beams with direc-
tion k& and k2 form the light grating with grating vector
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years methine dyes have received growing interest as
model molecules for studying the correlation between
structure and nonlinear parameters [32]. They show the
highest contribution to the third-order hyperpolarizabili-
ties per single m. electron found within one-dimensional
organic structures, as a result of the peii~ii bond order
equalization along the methine chain. Figure 3(a) shows
the absorption spectra of the dye solutions used in the ex-
periment. -The broadband dye-laser frequency fits to the
0-0 transition of the heptamethine dye. The term 0-0
transition is used here for the optical transition from the
lowest vibrational level in the ground state to the lowest
vibrational level in the electronically excited state.

For comparison, we investigate solutions of crystal
violet chloride. This dye is excited far above the 0-0 tran-
sition [Figs. 3(b) and 3(c)]. It is well known that the
ground-state recovery time of crystal violet can be
modified significantly by changing the solvent viscosity
[33]. In addition, a viscosity dependence of the dephas-
ing kinetics has already been reported for Nile blue ob-
served in a femtosecond three-pulse photon echo experi-
ment [16]. Therefore, we tried water and glycerol as sol-
vents, which have a viscosity ratio of about 800, to look
for an influence on the dephasing process.

Results on the dephasing kinetics for bis-
(dimethylamino)heptamethine iodide and for crystal
violet are presented in Figs. 4 and 5, respectively. A11

beams in the scattering experiment are polarized parallel
to each other. Significant differences were not found for
the dephasing of crystal violet in water and glycerol [Fig.
5(b)]. So no influence from the solvent viscosity is ob-
served. For crossed polarization of the two broadband
pump beams the signal for self-diffraction and forced
light scattering was reduced, but no change of the delay-
time dependence was observed. The results for crossed
polarization were not analyzed further because the dy-
namic range of measurement was only 10 .

The experimental results are well fitted with a Gauss-
ian curve for delay times ~w~ (50 fs (Figs. 4 and 5). How-
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FIG. 4. Diffracted intensity for heptamethine in ethanol
(1 X 10 mol/1): (a) force light scattering done at 550 nm [solid
lines, two fits using T2 =10 and 12 fs (~&/T2 =3); broken line,
calculated autocorrelatiou function of the broadband laser]; (b)
self-diffraction in the directions k3 and k4 (solid line, Gaussian
fit for the data points around zero delay).
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ever, the difference between the least-squares fit and the
experimental data points turns out to be a rapidly oscil-
lating function (Fig. 6). The damping is the same as for
the Gaussian fit. The oscillation is analyzed using a
Fourier transformation of the difference curve. The
Fourier amplitudes are shown as insets. The peak in the
Fourier spectrum corresponds to the oscillation frequen-
cy and is 1200 cm ' for heptamethine in ethanol and
1000 and 800 cm ' for crystal violet in glycerol and wa-
ter, respectively. The width of the Fourier spectrum is
partially caused by the damping of the oscillation.

Figure 4(b) shows that there is no temporal shift be-
tween the self-diffracted signals recorded in the k3 and k4
directions within our experimental resolution (5 fs). The
self-diffraction scheme is very attractive, whenever a tem-
poral shift between signals recorded in the k3 and k4
directions can be obtained, which is the case for large in-
homogeneous broadening. This is because only a small
dynamic range is required to measure T2 then. The
failure to detect such a temporal shift might result from
thermal gratings [34], which are frequently encountered
for parallel polarization of the pump beams. However,
we even observed no splitting for crossed polarization of
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FIG. 6. Difference between experimental data and Gaussian
least-squares fit to the three different dye solutions as function
of de1ay time. The damped oscillations are analyzed using
Fourier transformation (spectrum shown as the inset); (a) hep-
tamethine in ethanol; (b) crystal violet in glycerol; (c) crystal
violet in water
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the pump beams. This indicates the absence of a
photon-echo-like response and that inhomogeneous
broadening is not apparent.

@,./at ='H&, p&/A (—T +' )p

HI =H,b
= —pX'(r, t)exp( —icozt)+c c.

(2)

(3)

IV. MODEL FOR FORCED LIGHT SCATTERING

A. Coupling between the light field
and the molecular system: Bloch equations

We take as our starting point the Bloch equations for
an ensemble of two-level systems. The two levels are
electronic states of the dye molecule. The broadband in-
coherent light with frequency co& is in resonance with the
(individual} transition frequency coo of the two-level sys-
tem (to~ =coo). The two-level system is also coupled to a
thermal bath represented by the solvent. Sometimes it is
useful to include those degrees of freedom of the molecule
into the thermal bath, which are not coupled directly
with the electronic transition (e.g., rotational modes).
The motion of the system is described with the density-
matrix formalism using Bloch equations:

Bp /Bt = 2i(H,—p, H, p, —)/fi (p p' —')/T—, ,

Here pb, and p,b are the off-diagonal elements of the den-

sity matrix and pz=p„—p&b, p is the transition dipole
moment, and T, and T2 are the longitudinal and trans-
verse relaxation time.

The narrow-band probe light is of resonance. There-
fore, the electric light field in (3) contains only contribu-
tions from the fluctuating electric fields E, z of the two
broadband laser beams:

X'(r, t)=E&(r, t}exp(ik& r}+E2(r,t)exp(ik, r) . (4)

As mentioned at the end of Sec. II, the diffraction of
the probe beam is caused by the refractive index change
resulting from the change of pz. This change is calculat-
ed using the standard second-order perturbation analysis
and the rotating-wave approximation. Using the starting
condition

(0) (0) —0 (0)—
pba pab & pD po &

(1) one obtains, similarly to Ref. [28],
I

2 2

pD'(t)= —
2 f dt& f dt2exp[ (t t, —)/T—&][P(r,t&)g(r, tz)exp[ g'(t~ t2—)]—

+P *(r,t, )P(r, t2)exp[ —g (t, t2)]J, —

where g (t) =(ib, + T2 '" and b, =too —ton. Only the second summand in the curly brackets in (6) contributes to the
difFraction because only this term is spatially modulated with the grating period [see Eq. (4)]. Taking only the relevant
terms in (6) gives (G =kz —k, is the grating vector)

2p
pD'(t;G)= —

z f dt, f dt, [E;(r,t, )E2(r, t, )+E 2(r, t, )E,(r, t2)]e xp[ (t t, )/T, ——g(t, —t2—)] .

The two broadband fields are produced by beam splitting
and a temporal delay ~ for beam 2. Since the two beams
are overlapped in the sample under an angle, different
spatial locations in the sample see different delays

b, t =r+G r/tott, (8)

where r is measured from the center of the sample. An
upper limit for the spatial variant part is mnG/co+, where
n& is the number of "lines" of the grating. As we will ig-
nore in the following the spatial variant delay in (8), this
limits the time resolution in our experiment [35]. The
spatial variant delay is below 5 fs in our experiment and
negligible, therefore, compared to the limitation posed by
the coherence time of the light () 10 fs). Thus we use the
approximation

E&(r, t) =Ez(t)R (t, +r)exp( ironer), —

E,(r, t) =Es(t}R(t, ),
where Ez is the amplitude of the envelope of the broad-
band laser pulse, t, is the reduced time

t, = t —(k, +k~).r/2'~,

D(~)=(I &2n. ) 'exp[ —v /(2I )] . (12)

B. Grating formation

In order to bring out the similarity of forced light
scattering by electronic and thermal gratings, we will re-

and R (t) is a complex random function describing the in-
coherence of the broadband laser. The function Ez(t) is
a "slowly" varying function of time. The meaning of
"slowly" is specified below. To receive results compara-
ble to Ref. [28], we also assume a stationary Gaussian
process

(R '(t)R (t +~)}=D(~),
(R (t)R (t+~) ) =(R'(t)R '(t+r) }=0,
(R(t) & =(R*(t)&=0,

where the symbol ( }denotes the statistical average and
D(r) is the correlation function of the incoherent light.
For example, a Gaussian spectral density of the in-
coherent light results in a correlation function of the
form
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n (r}=no+nacos(G r). .

The detected intensity is [36]
2

Kd 2Js T
2A pj'

(13)

(14)

where T is the sample transmission, d is the sample thick-
ness, and A,z and J& are the wavelength and intensity of
the probing narrow-band laser.

For crossed polarization of the pump beams, we have a
most significant contribution from the change of the
linear polarizability of the dye molecule hy~" when going
from level a to level b. This "electronic" contribution to
the refractive index is also present for parallel polarized
pump beams. For the electronic contribution we can
write

view briefly the grating formation by interfering in-
coherent light beams. The absorption changes can be ig-
nored since the narrow-band laser is assumed to be off
resonance. The detected signal results predominantly
from diffraction by a refractive index grating

88 D 8 8 q(r, t)
X Cy

(19)

where the x direction is parallel to G. D, is the tempera-
ture diffusivity and c~ is the volumetric heat. After spa-
tial Fourier transformation a differential equation for 0&
is obtained [39]

d8t, /dt +4vr D, 8t, /A =qa(t)/cq

(A is the grating constant), which is solved by

(20)

qt, (t) =NAcoof(v )~E~(t)
~

Here we used again the statistical average f (r), because
the light correlation time (femtosecond time scale) is
much shorter than the time for thermalization with the
solvent bath (picosecond time scale.

The constant term in (17) is not important for the re-
fractive index modulation, as we will assume that the re-
fractive index n is a linear function of temperature O. To
calculate the temperature grating amplitude 8&, we start
from the one-dimensional heat flow equation [38]

nt, =Ay~'Nf (r) ~Ea(t)
~

(15) 8&(t)= f exp( 4m D—, [t t']/A —)qt, (t')dt' .
—oc

Here N is the number density of dye molecules and

f(r)=[(p' ' (t;r)p' '(t;r))]' /IEa(t)l'. (16)

In (16) we took the statistical average because the
narrow-band probe laser has no femtosecond time resolu-
tion. In other words, the narrow-band laser field Ez
must vary slowly compared to the broadband laser Quc-
tuations.

For all beams parallel polarized, as used for the results
in Figs. 4 and 5, we have to expect a significant contribu-
tion from a thermal grating, which is accumulated over
the nanosecond pulse. In order to calculate the thermally
induced refractive index change, we determine first the
heat production per time and volume

q(r, t)=qo(t)+qa(t)cos(G r) . (17)

The conversion of the absorbed light into heat
proceeds in a two steps: relaxation to the electronic
ground state and transfer of energy into the solvent. If
the narrow-band laser pulse and the envelope of the
broadband laser pulse [Ea(t)] are varying slowly com-
pared to the time needed for thermalization with the sol-
vent bath [37], then we may assume simply that the heat
production is in proportion to the pump-laser-induced
excited-state population

(21)

Using (18) in (21) gives, for the thermally induced refrac-
tive index modulation,

&&one
na =neOa= f (&)

Cy

X f ~E~(t') ~'exp( 4~zD, [t t—']/A')—dt'

where no is the temperature coeScient of the refractive
index of the solution. A comparison of (15) with (22)
shows that the delay-time dependence is the same for the
thermal grating and the electronic grating [namely,
f (r) ]. This situation is different for self-diffraction,
where the thermal grating leads to a coherence peak as
calculated here for the forced light scattering, but the
electronic grating gives a different response.

C. Delay-tine dependence

The diffracted intensity is proportional to n a~ ~ [f(r) ]
[Eq. (14)]. So the delay-time dependence of the difFracted
intensity is governed by this function. From (14) we ob-
tain, for the detected intensity,

4 4 2 t Sl
Js ~ [f (r)] = f ds( f dsz f dt, f '

dt, [(R'(s&+r)R (sz)R (t, +w)R '(tz})
Qo Qo oo oo

+ (R (s, —r)R '(s, )R *(t, r)R (t, ) )]—
Xexp[ —(2t„—s, t, )/T, —g—(t, tz) —g*(s, —sz)] .—

The fourth-order moments appearing in (23) can be reduced to products of second-order moments if we make the usual
assumption of chaotic light [40], e.g.,
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(R «(s)+r)R (s2)R (t, +r)R*(t~)}= (R '(s, +r)R (sq) }(R (t~)R (t)+~) ) + (R (s)+r)R (t)+r}}(R'(t2)R (s2) }
=D(s& —sz+r)D(t& t—z+v)+D(t& —s, )D(t2 —s2), (24)

This result can be compared with the results obtained
by Morita and Yajima for self-diffraction by electronic
gratings [28]. They obtained a rather complicated formu-
la for the intensity diffracted into k3 direction. The for-
mulas are generally not helpful for an analysis of the
self-diffraction signal as a function of delay time. Howev-
er, in the situation of large population lifetime and negli-
gible inhomogeneous broadening, the intensity decays ex-
ponentially with T2/2. The same happens to the signal
from forced light scattering.

D. Extension to other dephasing kinetics

In order to go beyond the very simplest dephasing
kinetics, different line-shape functions g(t) can be intro-
duced in Eq. (23) [24,25], which describe different relaxa-
tion dynamics of the off-diagonal element of the density
matrix [Eq. (2)]. For the Bloch model, we used

g(r)=ter =+r/T,
and for the Kubo model we can take

g (t)=i ht +[t —~c+~cexp( t/rc ) ]/—T2, (27)

where vt- can be interpreted as the intrinsic correlation
time of the fluctuations of the transition frequency of the
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FIG. 7. Calculated diffracted intensity as function of delay
time for r~ =0, T2, 3T&, and 5T2 in the Kubo model. The delay
time is normalized with respect to the homogeneous dephasing
time T2, which also characterizes the decay for large delay
times.

where (11)has been used in the second step. The intensi-
ty diffracted into the k6 and k7 directions can be calculat-
ed analytically for 5-correlated fields [i.e., D(t)=5(t),
where 5(t) is the Dirac function]:

4&8, POT, 2[f(&)1
=

S4
exp

T2

l

molecule. An unusual imaginary part appears in the
line-shape function (27) because we took cooco& into ac-
count.

A numerical integration of Eq. (23) is very time con-
suming because of the fourfold integration. For an inter-
pretation of the dephasing kinetics it suSces to calculate
those terms which depend on delay time. According to
Eq. (24), there are also terms which do not depend on de-
lay time ~ leading to a constant background. This back-
ground is zero in the case of Eq. (25), but a nonzero back-
ground can arise from nonzero light correlation time or
different dephasing kinetics. However, in our experi-
ments, we have no clear evidence of a background caused
by coherent coupling, the background is caused by stray
light. So we will not determine this constant explicitly.
The delay-time dependence can be written as

J, ~ [f(~)]'=const

4PIs p T
r4

X s3D s3 —~ exp —g s3

(28}

Thus, apart from an optional constant background, the
delay-time dependence of the diffracted intensity is the
absolute square of the convolution of the light correlation
function with the dephasing kinetics. Equation (25) is a
good example for this relation.

For a delay time r »ac+ I, Eq. (23) gives the same re-
sult for both line-shape functions (26}and (27). However,
in this case we have to expect ~)&Tz, which implies that
the diffracted signal could be very sma11. Therefore, nu-
merical examples will be presented here to elucidate the
effect of finite correlation time of the molecular transition
frequency and of the light field.

In the following we take T2 as a time unit. Figure 7
shows an example of the diffracted intensity as function
of delay time assuming the Kubo model and I =1.4T2,
which corresponds to our experimental situation. For
resorufin dissolved in dimethylsulfoxide ~~=2.3T2 has
been obtained [14). In Fig. 7, we chose rc between 0
(Bloch model) and 5T2. For a relate diffracted intensity
& 10, all curves show nearly the same exponential de-
cay with exp( —2~v~/Tz), demonstrating that the effect of
the nonzero intrinsic correlation time on the dephasing
rate is negligible in this region. However, the width of
the coherence peak depends strongly on ~c. Hence T2
and ~c can both be derived from the coherence peak,
provided the dynamic range of measurement is large
enough.

V. DISCUSSION

The absence of a photon-echo-like response in our
self-diffraction experiment seems surprising since it is
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known, for example, that the absorption band of crystal
violet is inhomogeneously broadened [41,42]. Effects
from inhomogeneous broadening (or non-Markovian dy-
namics) were also not found for dye solutions at room
temperature in several previous experiments with in-
coherent light [34,43 —45]; photon echoes were reported
only for rhodamine B in viscous solvents [46]. Therefore,
one might argue that this results from a principle limita-
tion of the incoherent light technique. This would be the
case if the time resolution of the incoherent light experi-
ment is lower than the time constant for spectral cross re-
laxation ~z since for delay times ~ exceeding ~z the spec-
tral diffusion has scrambled the memory of the original
polarization. Ishikawa and Maruyama [42] reported
~+ =0.5 ps for crystal violet (in methanol). In our experi-
ments we used only delay times below 0.1 ps. Therefore,
~& »~ for crystal violet and spectral diffusion plays no
role in our experiment.

Despite ~z&&100 fs, an inhomogeneous broadening
was not observed directly. This has to be expected, sim-

ply because the linewidth of the broadband laser is not
larger than the homogeneous broadening of the transi-
tion: The broadband pump laser excites only a nearly
homogeneous subgroup of the total ensemble of two-level
systems since the light correlation time is larger than the
dephasing time constant (this is why we are forced to
measure in the wings of the coherence peak to resolve the
dephasing kinetics). In fact, the experiments with ul-

trashort pulses of 70-fs duration can also be interpreted
in this way (pulse duration larger than dephasing time
constant). In order for inhomogeneous broadening of the
absorption band to become apparent in the dephasing
kinetics, a larger laser linewidth is required.

Unfortunately, the spectral cross relaxation time for
the hepamethine dye has not been measured yet. Joo and
Albrecht [18] measured v~=2. 5 ps for cresyl violet and
LD690 (in ethylene glycol) in a three-pulse photon echo
experiment. On the other hand, ~~=0.2 ps was estimat-
ed by Bardeen and Shank [17] for Nile blue and LD690
from a very similar experiment. Thus far, there is no
simple interpretation for the discrepancy between the two
experiments with LD690. So ~~ = 1 ps might be a reason-
able assumption for dyes in solution at room temperature
nevertheless. In the following we wi11 assume that
~z »100 fs for the heptamethine dye.

The foregoing theoretical treatment showed that the
dephasing kinetics can be monitored only if the delay
time exceeds the correlation time of the light fields. Ac-
cording to the Wiener-Khintchine theorem [47,48], the
autocorrelation function of the broadband laser fields can
be calculated from the power spectrum I~(co) of the
broadband laser:

(R*(t)R(t+r)) ~ J I~(co)exp[ i(co co~)~—]dco—

(29)

(see also [49]). In our experiments the power spectrum is
Gaussian (Fig. 1). Thus the autocorrelation (29) is also a
Gaussian function. If bi,z is the full width at half max-
imum (FWHM) of the power spectrum, then the FWHM
4~& of the autocorrelation function is

b~~ =0.62K ~ i(cbA~ ) =2. 361

which is the same as for transform limited Gaussian
pulses [50) (note the autocorrelation function is broader
by a factor of &2 compared to the duration of Gaussian
pulses).

For the data given in Fig. 1, h~~ =39 fs. The corre-
sponding autocorrelation function is plotted in Fig. 4(a).
The detected signal is much larger than the correspond-
ingly normalized autocorrelation of the light for delay
times ~~~ ~50 fs. A decay of the diffracted intensity as
function of delay time should be analyzed preferably in
this region to determine the dephasing kinetics, so that
the required dynamic range of measurement must be very
much higher than 10 . Therefore, forced light scattering
is better suited than self-diffraction because we obtained a
dynamic range that is ten times higher.

As for ultrashort pulse experiments, the high dynamic
range can be used only if spectral cross relaxation plays
no role. If spectral cross relaxation poses a limit in the
range of &100 fs, than incoherent light with a shorter
correlation time should be applied. However, we expect
much larger spectral cross relaxation times, so that we
can take full advantage of the improved dynamic range.

A.. Heyamethine dye

We will analyze the diffracted intensity as function of
delay time assuming "homogeneous" broadening, but al-
lowing for a nonexponential decay according to the Kubo
model. The diffracted intensity in Fig. 4(a) decays ex-
ponentially for ~r ~ 50 fs with a decay time 6+1 fs. The
experimental curve is too broad for ~&=0. The two fit

curves in Fig. 4(a) assume 6=0, ~c/T2 =3, and T2 =10
or 12 fs, respectively. The exponential decay time is
somewhat larger than T2!2 as a result of re%0 The.
nonzero ~& indicate that the underlying stochastic bath
process is not in its fast modulation limit [18,25]. From
the experimental data, we deduce a dephasing time
parameter of Tz = 10+2 fs for bis-(dimethylamino)
heptamethine and an intrinsic correlation time of ~c =30
fs. Since the T, time of the 5, state of heptamethine is
about 30 ps [51], the self-diffraction intensity should also
decay with twice the Tz time for large decay time, as
mentioned at the end of Sec. IVC. Figure 4(b) shows
that this is the case.

The absorption spectrum of heptamethine can be
modeled assuming contributions from several vibrations
and an equal homogeneous broadening for each of the vi-

brations [52]. The six relevant vibrations (253 and 1300
cm ' being the strongest) have been determined by reso-
nance CARS and spontaneous resonance Raman scatter-
ing [52,53]. The resonance CARS experiments gave a
homogeneously broadening I,

&
in the range of 200—400

cm ' for the vibrations coupled to the electronic transi-
tion [53]. The absorption line can be modeled with a
homogeneous linewidth of 400 or 600 cm ' for all vibra-
tions, depending on the relative contribution of the
different vibrations [52]. Kircheva et al. [52] made no
attempt to fit the wings of the absorption spectrum, so
that an effect of nonzero ~~ could not be resolved. A
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linewidth of I,&=400 cm ' corresponds to a relaxation
time T,&

=(2mcl, &}
'= 13 fs. Since only a part of the ab-

sorption band of the heptamethine dye is optically excit-
ed, we probably excite only one of the six vibrations
efficiently, so that we can expect a homogeneous dephas-
ing with 13 fs. A coherent excitation of additional vibra-
tions will not change the homogeneous dephasing time.
Indeed, the 13 fs time agrees quite well with our
T2 =10+2 fs.

The excitation of a dominant vibration and the weak
excitation of a further vibration could also explain the re-
sidual oscillation on the coherence peak [Fig. 6(a)]. Such
an oscillation is usually attributed to a coherent motion
of the molecule [13,16,43,44]. This explanation can also
be applied here since the oscillation frequency observed
in Fig. 6(a) agrees with the beat frequencies of the strong-
est vibrational modes. In addition it is known from reso-
nance CARS that several vibrations between 1000 and
1400 cm ' are efficiently excited by pump light around
510 nm [54,55].

A modulation of the coherence peak can also result if
the absorption is nonuniform over the broadband laser
spectrum. Selected absorption for parts of the broadband
laser spectrum leads to holes in the power spectrum, as
the light penetrates into the dye solution. This causes os-
cillations in the coherence peak as seen from Eq. (29) (see
also [45]). This effect is negligible here because we excit-
ed heptamethine only 120 cm ' above the 0-0 transition
[Fig. 3(a)], so that the absorption is spectrally constant.

B. Crystal violet

For crystal violet in glycerol the wings of the coher-
ence peak are fitted with a decay rate of 6.5+1 fs [Fig.
5(a}]. The fit curves in Fig. 5(a) use again b, =0 and
rc/Tz =3, but Tz =11.5+1.5 fs. The oscillation frequen-
cy on the signal in Fig. 5(a) is 1000 cm [Fig. 6(b)]. In
water the observed oscillation frequency is 800 cm
[Fig. 6(c}]. The visible substructure in the absorption
spectrum of crystal violet is known not to result from vi-
brations. In aqueous solution, especially for the high
concentrations used in our experiment, the formation of
dimers and higher oligomers of the dye molecule is met
[41,56], which leads to the observed splitting [Fig. 3(c)].
In glycerol a different mechanism is operative in produc-
ing the splitting [Fig. 3(b)]. Different steric forms of the
molecule (different rotamers [42,57]) as well as the
influence of an asymmetric charge distribution in the dye
cation [56] have been proposed. We excite the dye mole-
cule on the short-wavelength edge, so that we excited
predominantly one of the molecular species.

The line-shape analysis of the absorption shown in
Figs. 3(b) and 3(c) indicates that we excited crystal violet
above the 0-0 transition. If we use, however, the result-
ing 6=280 THz (corresponding to 1500 cm ') in the
line-shape function (27), a very narrow coherence peak
would result. So we conclude that 5=0 also for crystal
violet, as a result of the excitation of a homogeneous sub-
group in the absorption spectrum.

Unfortunately, a detailed analysis of the vibronic bands
is not available for crystal violet, so we can compare our

results only with those obtained for malachite green in a
two-pulse photon echo experiment using pulses of 8 fs
duration. Malachite green and crystal violet have a very
similar chemical structure. Only one of the dimethylami-
no groups is replaced by a H atom for malachite green
[cf. Fig. 3(c)]. Therefore, these dyes are expected to have
similar optical properties. For example, resonance Ra-
man experiments show that the frequencies of the strong-
est Raman active vibrations differ by ~10 cm ' for
malachite green and crystal violet [56]. The transient ab-
sorption experiments of Migus et al. [58] give a spectral
cross relaxation time of ~x =0.45 ps for malachite green,
whereas vx=0.5 ps for crystal violet [42]. Indeed, Beck-
er et al. [13]observed an average exponential decay with
a decay rate of 8+2 fs for malachite green. This agrees
favorably with our 6.5+1 fs for crystal violet.

However, Becker et al. found a stronger periodic
modulation of the dephasing kinetic and a modulation
frequency of —1700 cm ', which differs from the value
found in our experiment with crystal violet. On the other
hand, the spectrum is very broad in Fig. 6(b), so that it is
difficult to compare the results in this respect. The
higher modulation depth in the two-pulse photon echo
experiment could be explained with the higher time reso-
lution of —12 fs. The broad autocorrelation time of 40 fs
used in our experiment tends to average out these modu-
lations. In addition, a slow dephasing process was ob-
served also for delay times )60 fs in the experiment with
malachite green. We were unable to resolve the dephas-
ing kinetics in this region because the signal approached
the noise level in our experiment.

So it can be concluded that the dephasing kinetics ob-
tained here with an incoherent light technique for crystal
violet are in close agreement with those found for
malachite green in a two-pulse photon echo experiment
using pulses of 8-fs duration. The analysis of our experi-
ments is thus not basically limited to the Kubo model;
the refined analysis of Becker et al. developed for
malachite green can be applied to our results on crystal
violet as well. Of course, the different tuning conditions
with respect to the 0-0 transition of the relevant electron-
ic transition should be considered. In addition the de-
phasing observed in a two-pulse photon echo experiment
is not identical to the one obtained by forced light
scattering [20,24], even for the same line-shape function.
Nevertheless gross features are the same [e.g. , decay with
exp( —2~v~/Tz) for homogeneous broadening].

VI. CONCLUSIONS

Forced light scattering from a phase grating generated
by broadband incoherent laser beams was introduced to
study the dephasing of electronic transitions in large mol-
ecules. The method is a general tool to study the dephas-
ing kinetics. The dynamic range of our experiments is
improved compared to the frequently used self-diffraction
techniques because the probing beam was not resonant to
the absorption band of the dyes. Since a dephasing pro-
cess is studied the long intensity correlation time of in-
coherent light does not influence the time resolution [59].
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%'e find dephasing time parameters of T2=10 fs and
an intrinsic correlation time of ~c =30 fs for solutions of
crystal violet and heptamethine for excitation with a
bandwidth of hA. ~ =13.8 nm at A,~ =508 nm. The T2
time of the heptamethine dye is in good agreement with
results of a resonance CARS line-shape analysis. Previ-
ous real-time two-pulse photon echo experiments with
malachite green gave similar dephasing kinetics as de-
scribed here for crystal violet. The bandwidth of the ex-
cited laser pulses is small compared to the overall width
of the electronic absorption bands, leading to excitation
of a subset of vibronic transitions. As a result, the phase
relaxation behavior is close to that of a homogeneously
broadened transition whereas the inhomogeneous
broadening of the overall absorption band is of minor im-
portance since spectral cross relaxation proceeds too
slowly.

Our present technique using essentially nanosecond
laser pulses can easily be extended to other spectral
ranges. In particular, dephasing processes at di8'erent
spectral positions within a broad absorption band can be
studied. Such experiments are presently under way.

Note added. After this work was submitted we gained
knowledge of a paper by Yang, Zhang, and Myers treat-
ing a coupling scheme similar to forced light scattering.
The authors confine the work to the case of homogeneous
broadening and "electronic" gratings, but allow for one-
photon resonance of the probe beam.
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