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ABSTRACT
We have measured UV resonance Raman scattering at and near the resonance absorption lines of liquid benzene and
toluene. Resonance occurs for excitation on the symmetry-forbidden but strongly phonon coupled states in the 1B2u band,
~230-270 nm, resulting in enhancements corresponding to the vapor phase absorptions rather than those of the liquid
phase. This effect is related to the coherence forced by the internal molecular resonance required to absorb light at this
energy. The resonance gains (~1000x) are larger than expected due to the narrower vapor phase lines. Several multiplet
and overtone modes are enhanced along with the strongly coupled ring-breathing mode. A contrasting case of resonance
Raman of ice is also discussed; in this case resonance is observed for excitation energy corresponding to absorptions that
depend upon the final state shielding by the neighbors, and corresponds with the solid phase absorption. This typifies the
more common, slow, time dependence of the resonance Raman process.
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1. INTRODUCTION
Raman spectroscopy has become a commonly used tool for substance identification [1-3], stress measurements [4], and
material characterization. Resonance Raman occurs when the excitation laser is tuned to an absorption feature of the
material to be studied. It is useful in increasing signal levels for trace materials in a non-absorbing matrix or for
nanoscale studies, which are limited in both volume and number of molecules available [5-11]. Many studies have used
fix laser wavelengths to study pre-resonance Raman, in which the Raman signal is enhanced, but the excitation is not
precisely at the absorption energy [12-17]. In this study, we tune the excitation laser in fine steps across the absorption
features of interest. The enhancement is usually described qualitatively as due to the longer timescale of the resonance
Raman process compared to normal Raman since the resonant case involves a real intermediate state rather than a virtual
state. For the case of the virtual state, the timescale of the process is limited by the Heisenberg uncertainty principle, and
is essentially instantaneous compared to the atomic motion. In this report, we find that the resonance Raman process can
be very short when the excitation is tuned to a symmetry forbidden transition, although the resonance gain is still large.
We attribute this to the fact that a phonon must be available to allow absorption at that energy, and this requires a
resonance within the molecule itself, which is short-lived. We observe it as the resonance gain for a liquid sample
associated with the vapor-phase absorption rather than the liquid phase absorption. When the process is short compared
to the time a molecule interacts with its neighbors, the molecule will appear to have vapor phase energy transitions. Note
that the molecule itself sets the time scale, not the laser pulse length or the time to exchange energy with its neighbors.
Also note that the molecule is not in the vapor phase, and will not appear so when probed with a longer-timed process,
such as absorption. The dielectric constant, defined in frequency, assumes a longer-timed process and cannot be used to
describe this short-timed interaction. To contrast this case, we also present data of resonance Raman of ice. We find
resonance gain occurring in a broad wavelength excitation band, 220-270 nm. Absorption at these wavelengths is
observed in ice, but not water vapor, which absorbs strongly at shorter wavelengths. The reduction of the absorption
energy in ice is due to a shielding of the absorption-induced dipole by movement of the dipoles of its neighbors. In other
words, absorption at that energy relies upon interaction with the neighboring molecules. We observe resonance at this
feature of ice since it is an allowed absorption energy in ice; thus, the typical resonance Raman process is long compared
to the interaction time with its neighbors.
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2. METHODS
Raman measurements of both liquids and solids are made in a 90-degree geometry with laser incident from underneath
the sample, so that there is no presence of vapor in the beam path for the liquid measurements [9-10]. The tunable deepUV laser is based upon frequency doubling of the output of an optical parametric oscillator (OPO) (Uoplaz) pumped by
the third harmonic of a ND-YAG laser (Spectra Physics). As shown in Fig. 1(a), the Nd-YAG laser output is tripled and
a Pellin-Broca prism used to choose only the third harmonic beam to enter the OPO section, Fig. 1(b). The OPO uses a
counter-rotating quartz rod outside the cavity to correct lateral motion of the beam induced by the rotation of the BBO
nonlinear crystal during wavelength adjustment. One of two BBO crystals, also counter-rotating, is used to double the
OPO output frequency. A Pellin-Broca prism is used to choose the wavelength and aim the beam. The usable DUV
range of wavelengths is ~215 – 300 nm, with visible wavelengths from the non-doubled outputs and near infrared from
the idler output.

(a)

(b)
Figure 1. (a) Tunable laser system is shown schematically (b) Photograph of the critical OPO stage.[8-10].

The sample configuration of the 90-degree optical scattering geometry used for collection of the Raman spectra is shown
in Fig. 2. Liquid samples are observed through a fused silica window at the bottom of a Teflon sample holder. A Peltier
cooling unit that constantly condenses and freezes atmospheric water vapor produces the ice sample. Light is collected
and coupled into a Spex Triplemate 1877 three-stage spectrometer. The first two stages form a small subtractive unit to
filter fluorescent background and other stray light, while a longer third stage disperses the Raman signal across an Andor
EM-CCD camera.

Figure 2. The signal collection from the sample is in a 90 degree configuration. Laser light enters from the left at the bottom
and approaches the sample from the bottom. The collection optics are visible in the upper right. The sample in this picture is
for the liquids, using bottom-side illumination to preclude vapor measurements.

3. RESULTS
Several Raman spectra obtained for a very narrow range of excitation wavelengths are shown in Fig. 3. Since we are
interested in enhancement of the Raman signals due to the resonance effect, we normalize all spectra for laser power and
the non-resonant v04 dipole emission enhancement. The Raman signal is very small for the shortest excitation
wavelength used. As the excitation wavelength increases, the intensity of the Raman lines is observed to increase, then
decrease, then increase again. This strong dependence on excitation energy is not expected for a condensed liquid
system, for which line widths are normally much broader. In fact, if the resonance signal levels are compared to liquid
and gas phase absorption, one finds almost no correlation to the nearly flat liquid absorption in this range (it increases
with wavelength to a maximum several nanometers longer that the region studied here), and exhibits a strong correlation
to the vapor phase absorption.

Figure 3. Raman spectra of liquid benzene over a 2 nm range of excitation wavelength in which the liquid absorption is
featureless, but the vapor phase absorption has peaks [8].

The Raman spectra of toluene also vary in intensity as the excitation energy is tuned over a narrow range of
wavelengths, and follows the vapor phase absorption, Fig. 4. The liquid toluene measurement shows the same type of
resonance associated with the forbidden transitions observed in benzene and other cyclic hydrocarbons, where the
resonance excitations occur at the vapor absorption features. Raman spectra from ice with excitation wavelengths from
215 nm to 430 nm are shown in Fig. 5. The ice contrasts with a broad wavelength range of lower level excitation that
corresponds to the liquid absorption.

Figure 4. Raman spectra of liquid toluene over a 0.5 nm range of excitation wavelength in which the liquid absorption is
featureless, but the vapor phase absorption has peaks.

Figure 5. The Raman spectra of ice in small steps of excitation energy from 215 – 277.5 nm, and also the Raman spectra
with excitation of 430 nm as a reference.

The Raman signals shown in Fig. 5 have the three-peak structure expected for ice [18-20]. The Raman signal in the
visible (439 nm) is small, and is only slightly larger at 277 nm. It increases rapidly near 263 nm, then more slowly again
until it decreases near 250 nm, and then continues to rise again. The increase in the Raman signals is not monotonic, as is
evident in the figure. To illustrate these points, the areas under the Raman spectra in Fig. 5 are integrated, and the sums
are plotted in Fig. 6. The x-axis is in wavenumbers rather than in wavelength so that the energy levels are more evident.

Figure 6. The integrals of Raman spectra of ice in small steps of excitation energy from 215 – 277.5 nm, and also the
integral of the Raman spectra with excitation of 430 nm as a reference.

4. ANALYSIS AND DISCUSSION
The structure on the integrated Raman intensity curve in Fig. 6 can be understood as a combination of a pre-resonant
contribution of the strong ice absorption at 150 nm with a weaker resonance occurring in the wavelength range studied
here. We fit the pre-resonance contribution and subtract it so that the resonance contribution can be observed directly.
Usually, Raman scattering has intensity proportional to v04 like dipole absorption/emission. A deviation from this
proportionality occurs due to the ‘A term’ of the Raman scattering tensor α [10], so that as the frequency of the incident
light approaches an electronic transition, the intensity Ifi for an initial, i, to final, f, state is given by
(1)

,

where the sum is over all possible intermediate states, the resonant frequency is vfi, and the input flux J0. We take the
derivative of the polarizability tensor with respect to the normal coordinate Qa to obtain
(2)
where

and

,

(3)

are the A and B terms. The A term will dominate and the derivative part is not strongly frequency dependent. Usually
only one of the terms in the sum will be important when the excitation frequency, v0, is close to it.
We use this result to build a simple model for our data, normalized for input power and corrected for v04, as a constant
plus the dominant contribution to the A term. Our model takes the form:

,

(4)

where C and D are proportionality constants and va is the representative excitation frequency between the ground state
and electronic state.
Applying our model, Eqn. 4, to the first and last several data points of Fig. 6, we fit C, D and va. The representative
excitation frequency, va, is 155 nm. This corresponds closely to the first major peak in the far UV absorption of water at
150 nm. This feature of the data is the primary pre-resonant excitation. The fitted data is shown in Fig. 7, where it
becomes evident why only the first several and last several points can be used in the fit. Since we have only used one
dominant term from the sum in A, we fit only the background while the other terms from the sum in A remain. Several
show resonance in the wavelength range studied.
By subtracting from the data the fitted resonance contribution from the 150 nm absorption, we are able to examine the
broad (band) resonance that is super imposed on it, see Fig. 8. Note that there is a gap in the resonance gain near the
larger wavenumber end, 4.5-4.8 cm-1, and also a sharp dip at 3.7 cm-1. Figure 8 also contains a plot of the energy
dependent absorption measured for ice. A strong correlation between the resonantly enhanced band and the absorption
curve of ice is observed. Water vapor shows no similar absorption structure beyond the primary resonant effect that
occurs below 200 nm. Thus, the absorption band we observe is a solid-state effect. In fact, the energy lowering of the
absorption is due to re-arrangement of the neighboring dipoles to reduce the energy of the excited state via a reduction of
the field extent of the induced dipole.

Figure 7. The integrated Raman spectra of ice in small steps of excitation energy from 215 – 277.5 nm, and also the Raman
spectra with excitation of 430 nm as a reference.

(a)

(b)
Figure 8. The resonance from the ice absorption in the wavelength region studied, obtained by subtracting the fitted
resonance gain from the 155 nm ice absorption in Fig. 7, is compared to ice absorption curves.

5. CONCLUSIONS
These resonance Raman data demonstrate two different processes. The first, illustrated by benzene and toluene,
demonstrates a strong resonance that is due to their forbidden absorption lines, near 259.0 nm in benzene and 266.83 nm
in toluene, and it is a very fast process. Therefore, the spectra are coherent in the sense that they depend only upon a
single molecule. This is manifested in the fact that the resonance follows the vapor phase absorption lines, which
correspond to absorption by non-interacting molecules. The second, illustrated by ice, is a relatively slow process. The
interaction with the neighbors is required to obtain absorption at the excitation wavelengths used. We therefore conclude
that final state effects are important in the ice system, whereas they are excluded from the benzene and toluene
absorption cases. We expect that benzene and toluene also have slow responses when their resonances are probed near
allowed states of those molecules.
The implications of these results are far reaching. The narrow resonances afforded by vapor-like resonances generate
larger resonance gains than would be achievable with broader condensed phase absorptions. Thus, it opens the
possibility of very sensitive measurements of condensed phases. Since the six-member carbon ring is common, the
expectation is that all such aromatic compounds will be amenable to usage of these forbidden transitions, which are at
relatively convenient wavelengths. Thus, the technique should have broad application.
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