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These experiments use HRS, which is mediated by the third-rank molecular hyperpolarizability &,
to probe noncentrosymmetric fluctuations such as orientation fluctuations of polar molecules.5, 6
The present HRS measurements were made with linearly polarized light at scattering angles in the
range from 0- to 180<, using apparatus and techniques similar to that previously described.7, 8 The
scattering configurations with incident and scattered light polarized either perpendicular or parallel
to the horizontal scattering plane are denoted VV, HV, VH, and HH, where V denotes vertical
polarization, H denotes horizontal polarization, and the first and second letters refer to the incident
and scattered light, respectively. The presence of polar collective modes and long-range molecular
correlation is revealed in these experiments by the observation Iyy# Iy for the HRS intensities,
which is forbidden by symmetry when only local correlations are present.
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The HRS intensities at scattering angle & in the horizontal plane, including contributions from
randomly oriented molecules and from transverse and longitudinal polar collective modes, are given
by the expressions.
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The molecular orientation distribution is constrained but not uniquely determined by the
observations. Two alternative orientation distributions consistent with the experimental
observations will be considered.
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The model distribution that has been previously considered is randomly oriented spherical domains
in which a small azimuthal orientation bias is imposed on the otherwise randomly oriented
molecules in each domain.
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Acoustic phonons are known to be present in liquids, and an alternative proposal is that the
observed long-range orientation correlations are produced by coupling molecular orientation to
molecular displacement in phonons. Molecular alignment by molecular rotation-translation
coupling is observed both in flow birefringence and the central dip in the depolarized light
scattering spectrum for shear waves, and in ultrasonic induced birefringence for longitudinal waves.
(i)
Molecular alignment measured in those experiments is closely related to molecular orientation
probed by the present HRS experiment.
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Only longitudinal phonons propagate in water for the wavevectors probed in these HRS
experiments, so the HRS results suggest that longitudinal velocity gradients orient molecules in the
liquid, analogous to the coupling in ultrasonic induced birefringence.
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The longitudinal phonon at each K is associated with a polar orientation mode, and the orientation
distribution due to thermally excited acoustic phonons is a superposition of the associated polar
orientation modes. The experimental observation A*t/A*_= 12.0 + 0.6 for water indicates that
molecular orientation-translation coupling results in nearly pure transverse polar orientation modes.
The orientation distribution of water molecules in the liquid, determined by superposition of
transverse polar orientation modes, will be a transverse vector field.
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Long-range orientation correlations are not limited to water. Previous HRS experiments provide
evidence for polar collective modes in other liquids, with transverse polar modes most common, but
with longitudinal polar modes also seen for some liquids. Both transverse and longitudinal polar
modes may be understood as the result of rotation-translation coupling in phonons for acentric,
anisotropic molecules.
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Local structure and short-range correlations are measured in water using experimental techniques
such as Xray and neutron scattering and nuclear magnetic resonance spectroscopy, but these probes
are insensitive to long-range orientation correlations. VVortex-like structures or collective motions
have been found in several molecular dynamics (MD) simulations for water, similar in form to the
azimuthal orientation correlations previously proposed as an explanation of the HRS results.
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Dipolar orientation correlations at the nm scale have also been found using density functional
theory and MD simulations for water. These results are not inconsistent with the long-range
orientation correlations in water observed by HRS, but are not conclusive since even the largest
simulation box is <10 nm, much smaller that the length scale probed by the present HRS
experiment.
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