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We present a direct observation of an ultrafast time-resolved emission spectrum of a

dye molecule in solution, the time resolution of the system being 2 x10

12 ge¢. Vibra-

tional relaxation within the vibrational manifold of the excited electronic state of rhoda-

mine 6G occurs within 6 x10712

sec. We discuss the implications of these results for the

understanding of homogeneous broadening of excited electronic states of large molecules.

Inhomogeneous line-broadening effects result-
ing in the broad optical absorption bands for
intravalence electronic excitations of large or-
ganic molecules in solution can be attributed to
two major sources: (a) intramolecular sequence
congestion,' (b) intermolecular coupling (via
linear and quadratic terms in nuclear displace-
ments) of each molecular vibronic level to the
lattice? (or rather to the solvent molecules in
the nearby environment of the guest molecule),
When the molecule is characterized by a signif-
icant change in the equilibrium geometry be-
tween the two electronic states, then electronic
excitation from the ground state will result in a
distorted nuclear configuration in the excited
electronic state, which subsequently relaxes
vibrationally via intramolecular and intermol-
ecular channels. The final result of this relaxa-
tion process involves dissipation of vibrational
energy to the medium.® This relaxation mecha-
nism, which for large molecules is believed to
be as fast as the time scale of the spontaneous
radiative decay,* results in homogeneous line
broadening. Until recently, these ultrafast mol-
ecular processes were not amenable to experi-
mental study.

The recent development of picosecond pulse
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techniques® and the measurements of the pulse
duration by two-%'" and three-photon®'® fluores-
cence methods has initiated studies of ultrafast
molecular relaxation processes.'®"!® Up to date,
time-resolved experimental methods utilized
for picosecond spectroscopy have been based
upon averaging of several laser shots' at each
wavelength to display the “average” time-depen-
dent spectrum. In this note we present what we
believe to be the first direct observation of an
ultrafast time-resolved emission spectrum of

a large organic molecule in solution. A method
has been developed for monitoring a time-versus-
frequency spectrum by a normal spectrometer.
The time resolution is limited by the width of
the mode-locked laser pulse and by the rotation-
al relaxation time of the optical shutter. With
obvious modifications the time resolution of this
system can be less than 10°'? sec, while the
frequency resolution is strictly spectrometer
dependent.

The experiment utilizes as a time-resolving
element an optical shutter consisting of a2 0.1-
mm CS, liquid cell located between a pair of
crossed polarizers.'™® The shutter is opened
by a picosecond pulse of the first harmonic of a
Nd*3-glass mode-locked laser. The shutter ad-
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FIG. 1. Experimental arrangement.

mits light through different points along the prop-
agation of the picosecond laser pulse for the
time of 1.8 psec which is determined by the ro-
tational relaxation rate of the solvent molecules.*
We were able to monitor the time dependence of
the emission of an organic dye molecule in solu-
tion on a total time scale of ~20 psec, with a
time resolution of 2 psec. Rhodamine 6G (con-
centration ~10-%}/) in ethanol was excited by a
picosecond pulse of the second harmonic of a
mode-locked Nd*%-glass laser, the resulting
emission being fed through the optical shutter
into the entrance slit of a spectrograph. The
experimental setup is displayed in Fig. 1. The
picosecond pulses emitted by a mode-locked
Nd*3-glass laser generate the second harmonic
in a potassium dihydrogen phosphate crystal.
The pulses are separated by two beam splitters
and propagate along the paths indicated in Fig. 1.
The second harmonic induces the excitation and
in the present case induces stimulated emission.
This emitted radiation passes through the optical
shutter during the time and at the point where
the shutter is opened for ~2 psec. The path of
the first harmonic along the CS, cell provides
the time-resolving mechanism. A prism located
in front of the spectrometer rotates the emitted
beam by 90° thus displaying the time response
vertically along the slit and therefore on the
plate of the spectrometer (Spex model No. 1500,
dispersion 10 A/mm). The resulting time-ver-
sus -wavelength plate is shown in Fig. 2. The
second-harmonic (5300 A) which arrived simul-

taneously with the shutter-opening pulse is shown
to start at £=0. Then there is essentially ab-
sence of stimulated emission for the period of

~6 psec (upper limit) before the onset of the
stimulated emission from the rhodamine 6G dye
which has a duration of ~10 psec.

Using a longer (5-cm) CS, cell or substituting
for the CS, in the optical shutter a liquid char-
acterized by a longer rotational relaxation time
(e.g., nitrobenzene), and using a photodiode, we
were able to resolve the time response of the
normal fluorescence which is characterized by
a decay time of ~6 nsec. The reliability of the
system was further checked by performing other
experiments on known systems'4's such as @-
switching dyes.

The method of time-resolved picosecond emis -
sion spectroscopy yields a direct measurement
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FIG. 2. Photograph of the time-resolved spectrum
of rhodamine 6G in ethanol.
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of the relaxation mechanism in an excited elec-
tronic state of a molecular system. The data
reported herein provide the first direct experi-
mental determination of time- and frequency-re-
solved vibrational relaxation in an excited elec-
tronic state of a large molecule.

Recent work on relaxation of the first excited
state of the azulene molecule' pumped by a
mode-locked second harmonic of a neodymium
laser monitored simultaneously vibrational re-
laxation and intersystem crossing (i.e., elec-
tronic relaxation), and these two parallel decay
channels could not be separated. The present
system (rhodamine 6G) is characterized by an
emission quantum yield which is close to unity*
(98%) whereupon the vibrational relaxation chan-
nel could be studied. As the stimulated emission
from a dye molecule in solution occurs via a
four-level mechanism,* we can assert that, for
rhodamine 6G, vibrational relaxation from the
vibrationally energy-rich, electronically excited
state, which is accessible by optical excitation,
takes place within a period of ~6 psec, which
represents the rate of reaching thermal equilib-
rium within the vibronic manifold of the electron-
ically excited state. Our current theoretical
understanding of these relaxation processes is
rather meager at present. Two mechanisms
which probably operate both simultaneously and
consecutively will contribute to the relaxation
process studied herein: (a) The intramolecular
vibrational energy is redistributed. Intramolec-
ular anharmonic coupling couples the optically
active vibrational modes with other molecular
vibrational modes, resulting in redistribution
of the excess vibrational energy (which remains
constant for this process) among all the intra-
molecular vibrational modes. This mechanism
should be operative also in an isolated large mol-
ecule in the low-pressure gas phase and is ex-
perimentally confirmed' by the observation of
an identical Stokes shift of large molecules in
solution and in the vapor phase. (b) The intra-
molecular vibrational energy is dissipated.
Coupling of the intramolecular vibrational modes
to the lattice modes (i.e., the nuclear motion of
the nearby solvent molecules) leads to the decay
of an intramolecular vibrational mode into “lat-
tice” phonons. Through the intermolecular
coupling, described by quadratic terms in nucle-
ar displacements, an intramolecular phonon may
be emitted and a medium vibration excited. An-
harmonic intermolecular interactions will result
in the decay of an intramolecular vibrational
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mode into a pair of lattice modes. In this con-
text mechanism (a), which leads to the popula-
tion of low-frequency intramolecular vibrational
modes, will provide doorway states for intra-
molecular vibrational energy dissipation to the
medium.

The vibrational relaxation rate studied herein
is directly related, via the Fourier transform of
the homogeneous broadening contribution, to the
width of the absorption bands of the large molec-
ule in solution. Invoking the terminology of time-
dependent perturbation theory, the optical transi-
tion results in the excitation of virtual vibration-
al states which, as a consequence of intramolec-
ular and intermolecular coupling, decay to other
vibrational states of the supermolecule which
consists of the solute and the nearby solvent mol-
ecules,

Finally it may be worthwhile to point out that
we have observed the stimulated Raman emis -
sion from the solvent to be delayed by less than
3 psec relative to the laser pulse, which is con-
sistent with the theoretical arguments that, in
the picosecond time domain, molecular vibra-
tions may be excited only in a transient sense."?°

We wish to thank Dr. D. C. Douglass for his
helpful comments and criticism.
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“Semi-Auger” Processes in L, Emission in Ar and KCI
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X-ray emission studies in Ar and KC1 due to formation of an L 43 vacancy reveal a low-
energy satellite below the main emission peak. Comparison with other data on related
processes indicates that this satellite is due to two-electron effects (configuration inter-
action) in the final state of the emission process.

In this Letter we wish to report direct evidence
of a two-electron process in L,, emission which
corresponds to simultaneous filling of an inner-
shell hole and excitation of a valence-shell elec-
tron with emission of a single photon. This pro-
cess, which would produce a low-energy satellite
approximately 10 eV below the main L,,-M,
emission peak, has been observed previously® ™3
in K and Cl spectra. While processes of this
type have been postulated earlier,*® it has been
impossible to demonstrate conclusively that they
are in fact occurring in experiments of this
type.!”® The use of argon gas in our experiment
makes it possible to rule out double vacancies in
the initial state as an explanation of the observed
low-energy spectral feature. It also makes pos-
sible a definitive interpretation of the emission
results in terms of the known spectroscopic lev-
els of ArIl. Evidence for a similar process in
K-shell emission of Al, Si, and S involving two-
electron processes in the L,, subshell has recent-
ly been reported.® However, the intensities of
these K-shell emission features® represented
only a small fraction (<1 %) of the parent line,
whereas in the L,, emission reported here the
effects are considerably larger (of the order of
10% of the parent line).

Emission spectra were obtained using a single-
crystal Bragg spectrometer with a Langmuir-
Blodgett type lead myristate analyzer. Resolu-
tion of the analyzing crystal (~2 eV) is unknown.
The resolution as limited by 0.4° Soller slits
varied with wavelength from about 1.25 eV (at
potassium L,;) to about 0.21 eV (at Cl1 L,,). Radi-
ation was detected with a flowing-gas proportion-
al counter followed by conventional electronic da-
ta logging, while step-scanning. Excitation was

provided via a Pierce-type electron gun operat-
ing at 10 kV with a current of 100 mA in the case
of argon and 0.05 mA for KC1 spectra.” For the
argon measurements the target atoms consisted
of a continuous gas flow through the system.
The KCl L,, spectra were obtained from a single
crystal of KCI1 attached to a nickel strip with sil-
ver conducting epoxy. Ni La, , radiation in third
through fifth orders and C Ka from graphite
were used to calibrate the energy scale. Further
experimental details will be presented elsewhere.

Emission spectra corresponding to Cl, Ar,
and K are shown in Figs. 1(a), 1(b), and 1(c) re-
spectively. The potassium L,, emission spectra
in Fig. 1(c) is located on the tail of the carbon
Ko emission which comes from pump oil deposit-
ed on the specimen. Figure 1 shows, in addition
to an unresolved L,, doublet (the large peak), an
additional structure lying approximately 6, 11,
and 14 eV below the main peak in Cl, Ar, and K,
respectively. The separation of the low-energy
peak from the main peak in KCl is in agreement
with previous measurements.?'3

The interpretation of the low-energy peaks in
Fig. 1 as a “semi-Auger” process requires that
all other possibilities be ruled out. Alternative
possibilities include the following: (1) Excita-
tion of L, rather than L,; may occur followed by
an L,-L,;, M Coster-Kronig process leading to
L,, and M vacancies in ions of higher charge.
(2) Two-electron excitations may occur in the
excitation process, i.e., the formation of L,,
single vacancies may be accompanied by a frac-
tion of ions in excited or doubly ionized states
due to electron “ shakeoff.”®

Both of these possibilities can be ruled out in
the case of argon by energetic considerations.

1745



Hg

arc

Time
psec

FIG. 2. Photograph of the time-resolved spectrum
of rhodamine 6G in ethanol.



