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Abstract: We present actively phase-locked heterodyne detected fifth-order data. Nodal lines are
found in several tensor elements, and these are also present in molecular dynamics simulations of
the signal. The nodes are a result of anharmonic coupling between modes.
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Tanimura and Mukamel first proposed nonresonant fifth-order spectroscopy [1], and it was soon realized that the
experiment could reveal couplings within and between inter- and intramolecular motions along with the anharmonic
potential of a liquid. Because early fifth-order experiments were plagued by contamination from interfering third-
order cascade signals, the development of the technique was slowed [2]. Substantial challenges were also
encountered in the various theoretical approaches to the problem.

Recently, several advances have been made on both the theoretical and experimental fronts. Normal mode
theory has been extended to allow for anharmonic modes, and this has been shown to account for many of the
qualitative features of the liquid Xe fifth-order signal [3]. Further, the first molecular dynamics simulations of the
fifth-order signal of liquid CS2 have been completed, and they reveal features not seen in previous simulations [4].
On the experimental side, two groups have presented heterodyne-detected results on CS2 that are believed to be free
of cascade contamination [5]. While certain aspects of these results are in agreement with each other, there are still
clear discrepancies that need resolution.

Here, we present several tensor elements of actively phase-locked heterodyne detected nonresonant fifth-order
signal of CS2 collected in a geometry chosen to reduce the presence of third-order cascades. This geometry has
reduced the phase-matching factors for the third-order cascades by at least 106 over the original geometries used to
measure the fifth-order signal, which were shown to allow cascade signals to dominate [2]. We also are confirming
the absence of significant cascade and cascade-fifth-order cross-term contamination by employing a geometry that
improves on the ratio of phase-matching factors of the fifth-order:cascade signals by an additional factor of 4.

The heterodyne measurements that were obtained confirm many of the observations (shape and magnitude)
made via homodyne measurements taken in this same geometry [6]. However, one key element appears in the
heterodyne detected signals that was not apparent in the homodyne studies. Many tensor elements contain sign
changes, or nodal planes, near the t1 = 0 fs axis. Molecular dynamics (MD) simulations also show these nodes.
Figure 1 shows two measured and simulated tensor elements of the fifth-order signal of CS2. The left panel of
Figure 1a displays the measured Rzzzzmm surface and the insets show slices at t1 = 0 fs and t1 = 100 fs. The signal
extends to approximately 200 fs along the diagonal. There is significant amplitude along the t2 = 0 fs slice, which is
attributed to a hyperpolarizability signal not included in the simulation. There is also substantial (negative) signal
along and around the t1 = 0 fs slice. The negative portion of the signal extends to t1 ~ 100 fs as can be seen in the
slices shown in the inset. The right panel of Figure 1a is the MD simulation by Saito and Ohmine of the same
surface [4]. It shares several features with the measured surface, including the general shape and the presence of
negative signal in the region of t1 = 0 fs. In the simulated surface the nodal plane follows the fifth contour line to the
right of the t1 = 0, t2 = 300 fs point. The nodal plane in the measured and simulated surfaces both curve outwards
from ~ t1 = 0, t2 = 100 fs to ~ t1 = 100, t2 = 100 fs, before coming back to the t1 = 0 fs axis by ~ 450 fs.

In Figure 1b, the measured and simulated Rzzmmzz surfaces are shown. They again both show nodal planes in the
region of t1 = 0 fs. Here, however, the measured signal is larger and longer-lived than in the case of Rzzzzmm. The
persistence of the signal along the diagonal slice of the surface comfirms the assignment of the lower limit on the
inhomogeneous timescale of the liquid of several hundred femtoseconds [6].
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Fig. 1. a) Measured (left) and simulated (right) Rzzzzmm surface. b) Measured (left) and simulated (right) Rzzmmzz

surface. Insets of both experimental results show slices at t1 = 0 (solid) and t1 = 100 fs (dashed).

The interesting and unexpected nodal plane in both the measured and simulated signals shows that the fifth-order
experiment is a sensitive probe of details of intermolecular motions. Third-order spectroscopy of room temperature
liquids has, to our knowledge, never shown changes of sign in the nuclear response. Preliminary analysis of this
feature indicates that the node is neither due exclusively to the system’s nonspherical polarizability nor the dipole-
induced-dipole terms in the polarizibility. However, it does appear that the presence of the nodal plane is intimately
related to anharmonic mode coupling. When expressing the fifth-order response as
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where Π is the total polarizability of the system and PB denotes Poisson brackets, and analyzing this expression
while not allowing for coupling between molecular modes via the following equation,
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no nodes result [4]. Thus, strong coupling between particular modes are viable at short times and result in the nodal
feature. Further analysis to elucidate the nature of these coupled modes is currently underway.
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