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Abstract

Fast phonon-induced scattering between an infrared active and a Raman active vibration in solution is investigated using
picosecond infrared pump/anti-Stokes Raman probe experiments. Population from the infrared active T, CO stretching mode
of tungsten hexacarbonyl in carbon tetrachloride at 1980 cm~! scatters to the Raman active E; mode at 2012 cm™~! but not to
the A,, mode at 2116 cm~*. Equilibration occurs rapidly compared to the 700 ps population relaxation time. A power depen-
dence of the line shape of the Raman mode indicates that significant population is pumped into high vibrational levels when

high infrared pump powers are used.

1. Introduction

In this Letter, we report phonon-induced scatter-
ing between vibrational modes of the solute mole-
cule, tungsten hexacarbonyl (W(CO)¢) in the sol-
vent, carbon tetrachloride (CCl,). Anti-Stokes and
Stokes Raman spectra are recorded as a function of
delay time following a picosecond infrared (IR ) pulse
that pumps the T,, mode at 1980 cm~'. In addition,
the Raman spectra are studied as a function of IR
pump power. Both experiments reveal novel aspects
of the dynamics of vibrations in liquids. A knowledge
of dynamic pathways and couplings is necessary to
obtain a fundamental understanding of vibrational
processes in liquids. Coupling between internal vi-
brational modes involves the instantaneous normal
modes of the solvent, here referred to as phonons.
Recently there has been considerable theoretical in-
terest in the spectra of the low frequency phonon
modes of liquids [1,2]. The results reported here
suggest that the details of the low frequency liquid

density of states play an intimate role in the dynam-
ics of internal vibrational degrees of freedom.

Technological advances in the generation of fast IR
pulses have provided a wealth of data on the vibra-
tional relaxation of high frequency modes [3-8].
Coupling between high frequency vibrational modes
has been observed with transient IR absorption and
picosecond Raman spectroscopies [9-12]. Recent
temperature-dependent studies of vibrational relax-
ation in liquids offer insights into the role of phonons
in vibrational relaxation [13].

Fig. 1 shows an energy level diagram of the CO
stretching modes of W(CO)¢ in CCl,. There are three
closely spaced spectroscopic lines, the IR active and
Raman inactive, triply degenerate, T,, mode, and
Raman active and IR inactive E, (doubly degener-
ate) and A, (non-degenerate) modes. The Raman
active modes lie to higher energy by splittings of 32
and 136 cm~!, respectively. Pump-probe studies of
the T, mode have revealed a long population relax-
ation time 7=700 ps [3,13,14]. Recent studies have
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Fig. 1. Energy level diagram for the IR and Raman active CO
stretching modes of W(CO)¢ in CCl in the 2000 cm~?! spec-
tral region. An IR pump pulse (solid arrow) populates the T,,
mode at 1980 cm ™. A variably delayed visible pulse probes pop-
ulation scattering to the E; and A;; modes by anti-Stokes and
Stokes Raman scattering (double headed dashed arrows).

observed a fast component ( <2 ps) in the decay of
this state, which was postulated to arise from phonon-
induced scattering to the higher energy Raman modes
[13]. This implies that population is exchanged be-
tween the IR and Raman modes quickly on the time
scale of the overall population relaxation and that
both the IR and Raman modes will decay with the
same rate constant.

The coupling of infrared active modes has been ob-
served in metal carbonyls with transient IR absorp-
tion spectra. After pumping the asymmetric CO
stretches of CO4(CO);, and Rh(CO),(acac) in so-
lution with a narrow band mid-IR pulse, a broad band
mid-IR probe shows bleaching of the symmetric CO
stretch [9]. The energy difference between the two
modes is 9 cm~! for CO,(CO),, and 72 cm~! for
Rh(CO),(acac) [9]. The decay constants for the pair
of modes in each system are the same [10,15], con-
sistent with a fast population exchange.

A picosecond IR pump/Raman probe experiment
allows the dynamics of population redistribution to
be probed between an IR active mode and a Raman
active mode [11,12,16]. An IR active state is popu-
lated with an IR pump pulse, and redistribution of
the population among Raman active modes is moni-
tored by anti-Stokes scattering from a delayed visible
probe pulse. In the experiments, the E; mode (32
cm~! higher in energy) is observed to be populated
fast compared to the duration of the pulses. How-
ever, the A,, mode (136 cm~' higher in energy) is
not populated. Identical observations are made for
W (CO)¢ in CHCI; and Cr(CO)¢ in both CCl, and

CHCI;, and on W(COQ)g in 2-methyltetrahydrofuran
and 2-methylpentane. These experiments will be dis-
cussed in a subsequent publication [17]. The absence
of the A;; mode in the time delayed anti-Stokes spec-
trum can be explained by a cutoff energy in the
phonon spectrum. In addition, it is found that when
the IR pump power is increased, both the delayed
Stokes and anti-Stokes spectra broaden and shift to
the red. The broadening and shift can be fit to a model
that has significant population in higher lying levels
of the E, mode. It is proposed that these are popu-
lated through multiple scattering events from the T,,
mode which is highly populated by intensive IR
pumping. Multi-quanta excitation of the T,, mode is
also consistent with the non-exponential pump-probe
decays of the T, mode observed at high pump pow-
ers [13].

2. Experimental

Infrared pump/Raman probe data were taken with
picosecond mid-IR pulses generated with a LiIO; op-
tical parametric amplifier (OPA). The laser system
is a modified version of a system that is described
elsewhere [18]. Briefly, the pulse train of a Q-
switched, mode-locked, cavity-dumped Nd:YAG
laser, with a 10% output coupler, is doubled and syn-
chronously pumps a rhodamine B dye laser. The dye
laser and the Nd: YAG laser are cavity-dumped si-
multaneously to form the idler and pump pulses for
the OPA. The cavity-dumped pulse of the Nd: YAG
laser is frequency-doubled (532 nm, 80 ps, 700 uJ),
and the remaining fundamental light is also fre-
quency-doubled to amplify the dye pulse in a single-
stage double-pass amplifier, yielding tunable dye
pulses of 40 ps, 45 pJ at ~595 nm. The cavity-
dumped pulse and the amplified dye pulse are made
time coincident, and are mixed in a 30 mm LilO;
crystal generating 4 uJ, 40 ps pulses at A= 5.04 pm
with a 900 Hz repetition rate. The dye pulse energy
is 60 pJ after amplification in the OPA. The band-
width of the dye pulse was measured to be 1.3 cm~".
The bandwidth of the dye and mid-IR were 1.3 cm™.
The IR beam is focused to 160 um diameter in the
sample. The dye beam is sent down an optical delay
line allowing up to 5 ns of delay and is focused to 100
pm. Timing between the two pulses was set by cross-
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correlation of the IR and dye pulses in LiLO;.

Data were taken on a 1x10~3 M solution of
W(CO), in CCl,, corresponding to a mole fraction
of ~10~* and a peak optical density of 0.9 using a
200 um path length. The concentration is sufficiently
low that Forster excitation transfer does not occur
[3]. The absorption maximum of the T,, CO stretch
is 1980 cm~!, with a 12 cm~—! bandwidth (fwhm). A
Stokes Raman spectrum of the solution showed the
Egand A, lines to be centered at 2012 and 2116 cm ™',
respectively. Each has a 16 cm~! bandwidth, and the
relative intensity of the bands is 4: 1.

The IR beam was tuned to the absorption maxi-
mum, corresponding to a dye wavelength of
A=594.76 nm. The beams were brought into the
sample in near-collinear geometry at 45° incidence
to the sample cell with p-polarization. Incoherent
Raman scattering was collected from the back face of
the cell at 90° from the incident beams, using an
f=1.2 camera objective. The collected light was fo-
cused into a 0.25 m CCD spectrometer with 2 cm ™!
resolution. Data was taken in 10 min collection pe-
riods, and several scans were averaged to obtain a fi-
nal spectrum.

3. Results

Fig. 2a shows anti-Stokes Raman spectra of the re-
gion that contain both the E; and A, CO stretching
modes of W(CO)¢ in CCl,. The E, mode is observed
with good intensity and signal-to-noise (S/N) ratio.
The arrow indicates the location where the A, mode
should appear. Given the S/N ratio and the ratio of
the intensities of the Stokes lines, the A, mode should
be visible even if it has only 10% of the population of
the E; mode. From the data it is clear that the E; mode
is populated following the IR pumping of the T,,
mode but the A,; mode is not. Fig. 2b shows the E,
anti-Stokes spectrum as a function of delay time be-
tween the IR pump pulse and the dye probe pulse.
The lines are highly asymmetric, and much broader
than the equilibrium Stokes line. Furthermore, the
line decays at a higher rate from the broadened low
frequency side. The peak of the signal shifts by 8 cm~!
to higher frequency with increased delay, approach-
ing the frequency of the equilibrium Stokes line.

Fig. 3 shows the integrated intensity of the anti-
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Fig. 2. (a) Anti-Stokes Raman spectrum of W (CO )¢ in CCl4 taken
100 ps following IR pumping of the T, mode in the spectral range
that includes the E; and A,; Raman active modes. The E; mode
is clearly visible demonstrating rapid population by phonon scat-
tering from the IR pumped T,, mode. The arrow marks the lo-
cation where the A;; mode should appear. Given the signal-to-
noise ratio, the A, mode should be observable if it acquired any
significant population. (b) Anti-Stokes Raman spectra of the E,
CO stretching mode as a function of delay time between the IR
pump and the visible probe pulses. The peak is still visible 900
ps after pumping.
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Fig. 3. Integrated intensities of the anti-Stokes Raman spectra of
the E; mode as a function of delay between the IR pump and the
visible probe pulses. The decay is non-exponential.
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Stokes Raman spectra as a function of delay time. The
intensity clearly decays on an ~ 500 ps time scale in
a non-exponential manner. This decay is similar to
the 700 ps decay observed for the relaxation rate of
the v=1 level of the T,, CO stretching vibration us-
ing single-color IR pump-probe experiments [3,13].
When the pump-probe experiments are conducted at
sufficiently low fluence ( <0.6 mJ/cm?), the decays
are single exponential [13]. However, at the high
pump powers used for the experiments presented
here, the pump-probe decays become non-exponen-
tial and the decay times change [13].

Anti-Stokes Raman spectra of the E; mode with 100
ps delay between the pump and probe pulses were ob-
served for W(CO), in several other solvents. Similar
spectra to those presented above were obtained for
solutions of W(CO)¢ in CHCl;, 2-methylpentane,
and 2-methyltetrahydrofuran, as well as for Cr(CO)¢
in CCl, and in CHCI;. No population was observed
in the A;; mode in any of these solutions.

The broadening of the low-frequency edge of the
anti-Stokes spectra is consistent with the population
of vibrational levels higher than v=1. Fig. 4 shows
the pump power dependence of the line shape of the
Stokes spectrum of the E; mode. Spectra were taken
with pump fluences of 15.0, 4.0, 1.25, and 0 mJ/cm?,
at a time delay of 100 ps between the IR pump and
dye probe beam. The data show significant broaden-
ing to the low-frequency side of the line with increas-
ing pump power. Also, the integrated areas of the
spectra increase with pump power.
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Fig. 4. IR pump power dependence of the E; mode’s Stokes line
shape recorded 100 ps after IR pumping of the T,, mode. The
Stokes spectra were taken with IR pump fluences of (from top)
0, 1.25, 4.0, and 15.0 mJ/cm?. The pulse duration was 40 ps, and
the IR beam was focused to a 160 um diameter.

4. Discussion

The appearance of population in the E, mode di-
rectly after populating the T, mode, and the decay
kinetics of the two modes that are essentially equiv-
alent given the differences in the excitation powers
used in the Raman and pump-probe experiments
clearly demonstrates population equilibration be-
tween them that is much faster than the time scale for
decay of population to the ground vibrational state.
Population is exchanged quickly, so that the effective
relaxation time of either of the modes involves the
combined relaxation pathways out of both modes into
the bath. In this case, the bath refers to low frequency
intramolecular vibrations, solvent vibrations, or sol-
vent phonons. Phonons scatter population between
these two CO stretching modes on a time scale that is
more than two orders of magnitude faster than the
rate of vibrational energy flow out of the modes.

The reason for this disparity in rates of scattering
and population relaxation is related to the energetics
of the process. The rate of relaxation processes, de-
scribed by Fermi’s Golden Rule, are highly depen-
dent on the order of the process and the occupation
of the modes involved [13,19,20]. For the CO
stretching vibration to depopulate, energy must be
conserved. This can be accomplished by the excita-
tion of lower frequency vibrations of the W (CO)¢ and
the solvent. To conserve energy, it will probably be
necessary to excite a phonon mode, since the phon-
ons provide a continuum of low-frequency states
which can make up the energy mismatch associated
with a combination of vibrational modes. Relaxation
of the CO stretching vibrations involves a high-order
anharmonic process. These high-frequency vibra-
tions are energetically isolated from the remaining
bath modes. Solute and solvent vibrations have fre-
quencies w <800 cm—! [21,22], and liquid phonons
typically have frequencies w< 150 cm~' [23]. Thus,
a fifth-order anharmonic coupling matrix element,
involving the annihilation of the CO stretch and the
creation of three lower frequency vibrations and a
phonon, will dominate the relaxation dynamics [13].
By nature, such high-order processes result in a slow
relaxation. In contrast, scattering between the T, and
the E, modes can be accomplished by a cubic anhar-
monic process, by absorption of a 32 cm~! phonon
(scattering up in energy) or stimulated emission of a
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32 cm~! phonon (scattering down in energy). This
phonon scattering mechanism is efficient both be-
cause it involves a low-order process and because the
32 c¢cm~! phonon is highly populated at room
temperature.

The rate of phonon scattering between the T,, and
E; modes can be estimated from pump-probe data
and IR sbsorption spectra. Single color IR pump-
probe experiments were conducted using the Stan-
ford free electron laser which provides x 2 ps pulses
[13,24]. The experiments were performed on
W(CO)s in CCl, with the probe pulse at the magic
angle to eliminate a component in the decay from
orientational relaxation. The decays were exponen-
tial except on the time scale of the pulse duration
where a small deviation from exponentiality is ob-
served. If the scattering time from the T, to the E,
mode, 7,, is as slow as 2 ps, a distinct bi-exponential
would be observed. On the other hand, if 7, is much
faster than 0.5 ps, no measurable response would ap-
pear in the data. The small deviation from exponen-
tiality suggests a scattering time intermediate to these
limits. Another indication of the scattering time can
be based on the IR vibrational line width which is ~
13 cm~!, If the line width, Ay, is determined com-
pletely by scattering out of the T, mode, then Av=1/
2nt,. This limits the scattering time to 7,>0.4 ps.
Based on these considerations, we estimate a scatter-
ing time of ~ 1 ps.

It is clear from the data in Fig. 2a that there is no
detectable population scattered into the higher en-
ergy A;; mode. The fast scattering between the T,
and E; modes brings them into thermal equilibrium
on a time scale fast compared to the vibrational life-
time. Although the A,; mode is 136 cm~"' above the
T,, mode, based only on energetics, it should still be
highly populated since kT~206 cm~! at room tem-
perature. If the A;; mode were also in thermal equi-
librium, the ratio of the Boltzmann factors (and ac-
counting for the degeneracy of the E; mode) would
make the A,; population 30% of the E; population.
As discussed above, we would be able to detect the
A;; mode readily even it if had only 10% of the E,
population. This indicates that there is little scatter-
ing to the A, mode on the time scale of the vibra-
tional lifetime (hundreds of picoseconds).

The lack of population in the A, mode suggests a
certain structure of the phonon density of states of

CCl,. Efficient phonon scattering will occur for a cu-
bic process involving one phonon. The lack of any
significant population in the A;; mode suggests that
there are virtually no 136 cm~! phonons in the lig-
uid. Further, since there is substantial population in
the E, mode that could be scattered to the A, mode,
the density of phonon states at 104 cm~' must also
be very small. This suggests that the phonon density
of states has dropped approximately to zero by ~ 100
cm~! in CCl, but that there is substantial density of
states at 32 cm~!. Even if the phonon density of states
cuts off below 104 cm~!, population could still be
scattered to the A;, mode through a quartic (two-
phonon) process. The rate of a two-phonon process
will be greatly reduced compared to the one-phonon
mechanism. Thus, the scattering would occur on a
much longer time scale, and no substantial popula-
tion would be transferred to the A, mode within the
vibrational lifetime.

The possibility exists that the phonon density of
states in CCl, is still significant above 104 cm~!, yet
the rate of scattering is much slower to the A, mode.
This would occur if the magnitude of cubic coupling
matrix elements for both the T,,—A; and E;—»A,,
transitions are substantially less than that for the
T,,—E, transition. For no Raman signal to be ob-
served, the rate for scattering to the A, mode would
have to be longer than T,;. This implies that the ma-
trix elements for both T,,— A, and E,— A, would be
smaller than the T,,—E, matrix element by a factor
of 30-40.

Fig. 4 demonstrates pumping to high vibrational
levels of the CO stretching modes of W(CO )4 in CCl,.
The figure displays Stokes spectra of the E; mode
taken following pumping at various power levels of
the IR active T, mode. A spectrum is shown for zero
IR pump power. This is the normal ground state
(v=0) spectrum of the E, mode. As the IR pump
power is increased, the spectrum shifts to the red and
broadens substantially. As discussed above, when the
T,, mode is pumped, phonon scattering populates the
E, mode. This is clearly demonstrated by the appear-
ance of the anti-Stokes spectrum. Population of the
Eg mode will also change the Stokes spectrum. Trans-
fer of population from v=0 to v=1 will result in
Stokes scattering from v=1 to v=2. The anharmon-
icities of the T, and E, modes are approximately 6
cm~!, corresponding to a difference in the transition
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frequency of 12 cm~! between the y=0-1 and
v=1-2 transitions [3,25-27]. Thus when popula-
tion is put into higher levels of the E; mode, new peaks
appear c¢ach successively shifted to the red side of the
v=0 Stokes line by ~ 12 cm . Since the shift is com-
parable to the line width, the peaks are not resolved
but rather result in a broadening and shift of the peak
of the envelope. Removing population from the v=0
level will also result in a reduction in the intensity of
the v=0to v=1 Stokes signal.

Under high pump power conditions, many quanta
are absorbed by the T,, mode. The Rabi frequencies
are high for the pumping conditions used. For a pump
energy of 3.7 wJ and the IR spot size used, the Rabi
frequency is w; =15 cm~!. This is more than suffi-
cient to overcome the anharmonicity and produce
multiphoton up-pumping of the T, transition. In ad-
dition, the transition dipole matrix element, and
therefore the Rabi frequency, scales as \/5, where vis
the quantum number of the vibrational level. This
scaling helps offset the increased detuning of the laser
from the higher level transitions. These conditions,
as well as the inherently long population relaxation
times, make efficient off-resonant pumping possible.

When the pump power is turned up, multiple
quanta are absorbed by the IR active T,, mode. This
in turn, through phonon scattering, will produce high
levels of excitation of the E; mode. There are many
path ways that can produce multiple excitations of
the E, mode. For example, a photon is absorbed and
scattered to the E; mode. Another photon is absorbed
by the T, mode. Now both modes are singly excited.
There is a cubic anharmonic process that annihilates
the T,, excitation, annihilates a phonon, and raises
the level of excitation of the E; mode from v=1 to
v=2. Because of the anharmonicity of the vibration,
this process requires a 20 cm—! phonon, rather that a
32 cm~! phonon. There are many other pathways that
will populate the v=2 level of the E, mode. With the
E, mode in v=1, the T,, mode absorbs two photons
and is in v=2. Again a cubic anharmonic process can
result in the lowering of the T,, mode to v=1, anni-
hilation of a phonon, and raising the E; mode from
v=1 to v=2. This requires a 32 cm~! phonon.

As more and more photons are absorbed by the T,
mode, the E; mode can be promoted to higher and
higher levels of excitation. This is clearly shown by
the increased broadening to the red and shift to the

red of the Stokes spectrum as the IR pump power is
increased. In addition to the shift and the broadening
of the spectrum with increasing IR pump power, the
integrated intensity of the spectrum actually in-
creases. This arises because the Stokes Raman scat-
tering matrix element contain a factor ./v+1. The
scattered intensity, which depends on the square of
the matrix element, scales as v+ 1. Therefore, as high
levels are populated, the integrated intensity in-
creases, and the spectrum is very sensitive to the pop-
ulation of levels above v=0. By assuming that the line
width of the y=0-1 line (no IR pump) is the same
for all of the higher level spectra and assuming a con-
stant shift of each successive peak of 12 cm~!, it is
possible to fit the line shape and obtain an estimate
of the relative populations of the occupied levels.
Analysis of the data in Fig. 4 shows that at high pump
powers there is significant population in modes
shifted as much as 50 cm ™! from the v=0-+1 transi-
tion. These line shapes suggest population of states at
least as high as v=35.

The significant population of the higher vibra-
tional levels provides the reason for the non-expo-
nential decay of the anti-Stokes Raman spectrum
(Fig. 3). The integrated intensity of the line repre-
sents the total population in all anti-Stokes active vi-
brational levels. Since the contribution of these levels
to the intensity of the Raman scattering scales as v
and the relaxation rates of the levels are also expected
to scale as v, the decay will be decidedly non-expo-
nential. Population of high vibrational levels of the
T, IR active mode is responsible for the non-expo-
nential decays observed in pump-probe experiments
conducted with high pump powers [3,13]. By ana-
lyzing the time dependence of the anti-Stokes and
Stokes line shapes, it is possible to obtain the decay
kinetics of the high lying vibrational levels. A de-
tailed analysis of the power and time dependences of
the line shapes and the pump-probe data will be pre-
sented subsequently [17].

5. Concluding remarks

Using IR pump/anti-Stokes Raman scattering
probe experiments we have shown that phonon scat-
tering rapidly populates the Raman active E; mode
of W(CO), in CCl, following IR pumping of the T,
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mode. Although the E; mode, which is 32 cm~! higher
in energy than the T, mode, is efficiently populated
by phonon scattering, the A;; mode, 136 cm~' to
higher energy, is not. This suggests either a great de-
crease in the density of states of the CCl, phonons
below ~ 100 cm~!, or the matrix elements for both
scattering pathways to the A;; mode are very small.
Recent calculations of the density of states of CS,
show a cutoff at ~ 150 cm~! [23]. Similar calcula-
tions for CCl, could help elucidate the reason for the
lack of scattering to the A, mode.

Rapid scattering between vibrational levels is a
source of homogeneous line broadening. Recently, IR
vibrational photon echoes on the T,, mode of
W(CO)g in 2-methylpentane (2MP) were observed
at room temperature [28], in contrast to photon
echoes on W(CO)¢ in 2-methyltetrahydrofuran [8,
28] for which the echo decay became faster than the
time resolution of the experiment (2 ps) at 140 K,
about 50 K above the glass transition. Initial analysis
of these experiments indicate that the observation of
photon echoes in the room temperature 2MP liquid
is associated with a relatively slow rate of scattering
between the T, and E; modes [28] in this solvent.
Further experimental and theoretical investigations
are aimed at elucidating the contribution of phonon-
induced scattering to homogeneous vibrational line
widths.
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