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ABSTRACT

The libration spectrum of liquid H2O is resolved into an octupolar twisting libration band at 485 cm−1 and dipolar rocking–wagging libration
bands at 707 and 743 cm−1 using polarization analysis of the hyper-Raman scattering (HRS) spectrum. Dipole interactions and orientation
correlation over distances less than 2 nm account for the 36 cm−1 splitting of the longitudinal and transverse polarized bands of the dipolar
rocking–wagging librationmode, while the intensity difference observed for the bands is the result of libration correlation over distances larger
than 200 nm. The coupled rock and wag libration in water is similar to libration modes in ice. The libration relaxation time determined from
the width of the spectrum is 36–54 fs. Polarization analysis of the HRS spectrum also shows long range correlation for molecular orientation
and hindered translation, bending and stretching vibrations in water.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0200094

I. INTRODUCTION

The many anomalous properties of liquid water are thought to
be the result of the fluctuating disordered network of strong direc-
tional hydrogen bonds between the molecules.1 The most direct
probe of the hydrogen bond network in water is the libration modes
of the hydrogen bonded molecules, which have no counterpart
in the single molecule spectrum. However, the libration spectrum
observed by infrared absorption, Raman, and hyper-Raman scat-
tering is broad and nearly featureless due to ultra-fast relaxation
in liquid water.2–6 Despite long study, the structure and extent of
the hydrogen bonded network and the collective motions of the
molecules are still unsettled questions.7

Hyper-Raman scattering (HRS) is the process where a Raman-
shifted photon is emitted following excitation of the system by a
pair of photons. Recently, the HRS spectra for H2O and D2O water
and ice without polarization selection,5,6 and H2O and D2O with
polarization selection,8,9 were measured to study the intermolecular
vibrations. The dependence of HRS on the polarization of the inci-
dent and scattered light can be used to separate the contributions
of TO (transverse optical) and LO (longitudinal optical) phonon
modes for dipolar vibrations, and HRS has been used to investigate
vibrational excitations in crystals, glasses, and liquids.10 Recent HRS
measurements with polarization selection have found transverse
and longitudinal nonlocal vibration modes with correlation over

distances comparable to the wavelength of the scattering wavevector
for several glasses and molecular liquids.9,11–14

The present work applies polarized HRS spectral measure-
ment techniques and analysis, developed in previous studies of
long range correlation in liquids, to the study of water.13–17 HRS is
used to separate TO and LO contributions to the libration band,
which are unresolved or unobserved by other spectroscopic tech-
niques, and to assess the extent of nonlocal spatial correlation for the
modes.

II. HYPER-RAMAN SCATTERING
HRS is produced by oscillating molecular dipoles μ = βE2

ω
induced by the applied laser field Eω. The molecular response tensor
β has odd parity and vanishes for centrosymmetricmolecules. Vibra-
tional modulation of β results in a dipole oscillation and scattered
light frequency shifted from the laser second harmonic frequency.
HRS from a liquid of uncorrelated randomly oriented molecules
is the incoherent sum of the individual molecule HRS intensities,
but HRS is sensitive to local and nonlocal molecular orientation
correlations.17,18

The polarization dependence of HRS carries information about
the scattering system. Scattering configurations with incident and
scattered light polarized either perpendicular or parallel to the hor-
izontal scattering plane are denoted VV, HV, VH, and HH, where
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V denotes vertical linear polarization, H denotes horizontal linear
polarization, and the first and second letters refer to the incident and
scattered light, respectively.

The third rank molecular first hyperpolarizability tensor β
mediating HRS can be expressed in Cartesian tensor form or as
the sum of irreducible spherical tensors.19 The first rank irre-
ducible spherical tensor contribution to β transforms as a vector
and produces pure dipolar HRS for which IVV/IHV = 9, whereas the
third rank irreducible spherical tensor contribution produces pure
octupolar HRS for which IVV/IHV = 3/2. HRS due to the first rank
irreducible spherical tensor (vector) contribution to β is sensitive to
polar modes and correlations.

The vector β contributions for the molecules in a liquid form a
homogeneous, isotropic, random vector field. The most general cor-
relation tensor for such a field, in diagonal form, has transverse and
longitudinal correlation functions as the diagonal components and
produces HRS with components polarized longitudinal and trans-
verse to the scattering wavevector.17 Vector field correlations do not
affect the octupolar βHRS contribution.

The HRS intensities for 90○ scattering, including the vector and
octupolar contributions, are given by17,18

IVV = (3/2)AO + 9AT , (1)

IHV = AO + AT , (2)

IHH = IVH = AO + (1/2)(AT + AL), (3)

where AO is the octupolar contribution, AT is the transverse dipolar
contribution, and AL is the longitudinal dipolar contribution. Polar-
ized HRS data can be combined to determine AO, AT , and AL using
the following relations:

AO = (6/5)IHV − (2/15)IVV , (4)

AT = (2/15)IVV − (1/5)IHV , (5)

AL = (2/15)IVV − (11/5)IHV + IVH + IHH. (6)

The HRS intensitiesAT andAL are proportional to the diagonal
components ST(K) and SL(K) of the spatial Fourier transform of the
correlation tensor for vector β,

ST(K) = 4π∫
∞

0
{BT(r)[j0(Kr) −

j1(Kr)
Kr
]

+ BL(r)
j1(Kr)
Kr

}g(r)r2 dr, (7)

SL(K) = 4π∫
∞

0
{BL(r)[j0(Kr) −

2j1(Kr)
Kr

]

+ BT(r)
2j1(Kr)

Kr
}g(r)r2 dr, (8)

where BT(r) and BL(r) are the diagonal components of the corre-
lation tensor and jn(x) are the spherical Bessel functions.17 Corre-
lation produces a sum of solenoidal and irrotational vector fields,

and the same expressions apply for β and transition β of correlated
libration or vibration.

Transverse and longitudinal HRS intensities are equal in the
case where intermolecular correlations are short range or absent,
AT = AL. Unequal intensities for AT and AL requires correlation
at distances comparable to or larger than the wavelength of the
scattering wavevector. An explicit example is shown in Fig. 4 of
Ref. 20 for the correlation function of a solenoidal vector field with
r−3 asymptotic dependence, for which AL = 0. HRS intensity ratio
IHV/IVH ≠ 1 is an indicator for a dipolar mode with long range cor-
relation, ranging from 2 for a pure transverse dipole mode to 0 for a
pure longitudinal dipole mode. Vector field correlation with asymp-
totic r−3 dependence is required to produce such HRS polarization
dependence.17

III. EXPERIMENT
The experiment measures scattered light that is Raman-shifted

from the laser second harmonic frequency. Linearly polarized pulses
from a ps fiber laser and Nd:YAG (yttrium aluminum garnet)
regenerative amplifier (output at λ = 1064 nm with 25 kHz repe-
tition rate, 26 ps pulse duration, 1 cm−1 bandwidth) are focused
to an 8 μm diameter beam waist in the liquid sample in a stan-
dard square 10 mm fused silica fluorimeter cuvette. Scattered light
at θ = 90○ was collected and collimated using an aspheric lens
( f = 4 mm), analyzed using a linear polarizer, focused into an optical
fiber, and fiber-coupled to a scanning double grating monochro-
mator and photon counting detector. The background count rate
of the gated photomultiplier was 0.0016 s−1. The H2O sample
(10 MΩ cm) flows in a loop containing the sample cell, conduc-
tivity cell, pump, ion exchange resin column, and 0.2 μm particle
filter. The sample cell temperature was 25 ○C for all measurements,
and the average laser beam power in the water sample was 0.18 W.
Absorption of laser light by the H2O sample increased the temper-
ature at the focus to 29 ○C.21–23 Optical absorption in H2O is 13×
larger than in D2O, so high peak power ps pulses with lower average
power were used to increase the HRS signal and reduce sample heat-
ing. The peak intensity was limited to 1 TW/cm2 (<1/3 the intrinsic
breakdown threshold) to prevent breakdown in nanobubbles at the
focus and stimulated nonlinear effects,24 and the resulting signal was
10× smaller than for D2O in a previous experiment.9

Spectra for polarization analysis were acquired from sequen-
tial 4000 cm−1 scans with VV, HH, VH, and HV polarizations,
repeated 284 times, and summed for each polarization config-
uration (4 × 1000 data points, total collection time 568 s for
each data point). Spectra were acquired with numerical aperture
NA = 0.375 and corrected for the effects of detector dead time, spec-
trometer spectral response, and the finite collection aperture.9,15,18

The spectrometer response has strong polarization dependence, so
an effective depolarizer is required between the analyzing polarizer
and the spectrometer. The combination of a long multimode fiber
(40 m) followed by a liquid crystal polymer microarray depolarizer
was used. The polarization and spectral response of the system was
calibrated using a thermal light source and integrating sphere placed
at the sample position. The spectrometer spectral slit width (SSW)
was 20 cm−1. Further details of the polarization and spectral anal-
ysis, and the sample temperature calculation, are contained in the
supplementary material of Ref. 9.
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IV. EXPERIMENTAL RESULTS
The HRS spectra for H2O are shown in Figs. 1 and 2. The main

spectral features are the reorientation mode at 0 cm−1, the hindered
translation and librationmodes below 1000 cm−1, the bendingmode
at 1646 cm−1, and the stretching mode at 3423 cm−1.

FIG. 1. (a) HRS spectra for H2O with VV, HH, VH, and HV polarizations (top black,
middle overlapping red and green, and bottom blue curves, respectively). The
spectra in (a) are combined to find the (b) octupolar, (c) transverse dipolar, and
(d) longitudinal dipolar HRS spectra. The curves show the fits to the O, T, and L
spectra. Frequency ν is the Stokes Raman shift.

FIG. 2. Spectra from Fig. 1 with an expanded scale, over a 1200 cm−1 range
including the libration band.

Figures 1(a) and 2(a) show the measured VV, HH, VH, and
HVHRS intensities after background subtraction and correction for
spectrometer spectral response. The VV, HH, VH, andHV polarized
HRS data at each frequency are corrected for polarization mixing
due to the finite collection aperture and combined to determine AO,
AT , and AL at that frequency using Eqs. (4)–(6). The noise in the
spectral data is increased using Eqs. (4)–(6), with the largest increase
for AL. Figures 1(b)–1(d) and 2(b)–2(d) show the resulting octupolar
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(O), transverse dipolar (T), and longitudinal dipolar (L) spectra, and
the functions fit to the data.

The AO, AT , and AL spectra are fit with a sum of Lorentzian
functions,

Ij(Δν) = Aj/[1 + (Δν/Δνj)2], (9)

except for the stretching mode, which was fit with a Gaussian
function,

Ij(Δν) = Aj exp [−(Δν/Δνj)2], (10)

where Δν = (ν − ν̄ j) is the detuning from resonance at Stokes fre-
quency shift ν for mode νj with center frequency ν̄ j and width Δνj.
The calculated spectrum was multiplied by the factor

[1 + exp (−hcν/kT)]−1 (11)

to account for the Stokes/anti-Stokes asymmetry (kT/hc = 210 cm−1
at 29 ○C) and convolved with the spectrometer spectral slit function
for the least squares fit to the experimental data.

Table I gives the parameters for the fitted curves in Figs. 1 and
2, and Table II gives mode intensity ratios determined from the data.
Several constraints are imposed on the fit parameters for peaks out-
side the libration band. The central orientation mode is unresolved,
so the 0.70 cm−1 width for the orientation mode in the dipolar spec-
tra is determined from the τ = 7.60 ps dielectric relaxation time
at 29 ○C using Δν(cm−1) = (2πcτ)−1,25,26 and the 2.80 cm−1 width
for the octupolar spectrum is set 4× larger in accordance with the
jump model for reorientation in water.27,28 This is similar to the
results for D2O obtained from higher resolution spectra.9 The posi-
tion and width for the two hindered translation modes are set to
the values observed by Raman scattering (except for the peak posi-
tion for the second L translation mode).3,4 For the bend and stretch
modes, the position and width for the O and L peaks are set equal
to the corresponding values obtained from the fit to the T peak. The
intensities of the O and L bend (stretch) peaks are scaled to the inten-
sity of the fitted T peak, using relative intensities AO/AT and AL/AT
determined from the HRS signals integrated over the bend (stretch)
band.

The libration band is decomposed into distinct but overlap-
ping O, T, and L Lorentzian peaks. The fit is good except in the
overlap region at about 600 cm−1, where the uncertainty is largest.
Inhomogeneous broadening can account for the skewness of the
peaks9 but was not included in the present fit function. The long tails
of the Lorentzian libration peaks account for the 2000 cm−1 wide
sloping background, which extends between the libration band and
the stretching band in the HRS spectrum. Libration relaxation time
τ = (2πcΔν)−1 = 36, 49, or 54 fs is estimated assuming that the 147,
109, or 98 cm−1 width of the Lorentzian libration peak is the result
of lifetime broadening, with the fastest relaxation for the transverse
libration mode. This is consistent with the sub-100 fs decay of libra-
tional excitation in H2O measured by a time resolved pump–probe
experiment.29

Librational motion of a water molecule is composed of rock-
ing (tilt of C2v axis with the molecular plane fixed), wagging (tilt of
C2v axis and the molecular plane), and twisting (rotation around
the C2v axis) vibrations. Tilting the molecular axis modulates the
molecular dipole vector and the vector component of β, so rock-
ing and wagging librations are dipolar modes. Twisting does not

TABLE I. Parameters for the curves fit to the O, T, and L spectra in Figs. 1 and 2. The
center frequency ν̄ j (cm−1), width Δνj (cm−1), and intensity Aj (photon/s) are given
for each mode, with the uncertainty in the last digit given in parentheses.

Mode Symmetry Center Width Intensity

Orientation O 0 2.80 34 (1)
T 0 0.70 784 (2)
L 0 0.70 65 (10)

Translation 1 O 60 30 0.62 (2)
T 60 30 0
L 60 30 0.29 (3)

Translation 2 O 180 80 0.086(6)
T 180 80 0.019 (1)
L 203(3) 80 0.42 (1)

Libration O 485(2) 98(2) 0.45 (1)
T 707(2) 147(3) 0.087 (1)
L 743(2) 109(2) 0.77 (1)

Bend O 1646 43 0.052
T 1646(3) 43(4) 0.023 (2)
L 1646 43 0.14

Stretch O 3423 211 0.038
T 3423(3) 211(3) 0.053 (1)
L 3423 211 0.019

TABLE II. Relative O, T, and L intensities for modes of water, with the uncertainty in
the last digit given in parentheses.

Mode AO/AT AL/AT

Orientation 0.044 (1) 0.08 (1)
Translation 1 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅
Translation 2 4.5 (4) 22 (2)
Libration 5.2 (1) 8.8 (2)
Bend 2.3 (2) 6.1 (4)
Stretch 0.72 (6) 0.36 (11)

modulate the dipole but does modulate the octupolar component
of β. Therefore, the O mode at 485 cm−1 is a twisting libra-
tion, while the dipolar T and L modes at 707 and 743 cm−1 are
rocking and/or wagging librations. The 36 cm−1 L–T splitting of
the dipolar libration modes observed for water is analogous to
the LO–TO splitting of dipolar optical mode lattice vibrations in
crystals.

A dipole mode with long range spatial correlation is indicated
by intensities for HH and VH polarizations that are equal but dif-
ferent from the HV intensity, as seen in Figs. 1(a) and 2(a), and
unequal transverse and longitudinal intensities AT and AL. This is
the case for every mode shown in Figs. 1 and 2 and Tables I and II.
The ratio AL/AT given in Table II shows that the orientation and
stretching modes are dominantly transverse, while the translation,
libration, and bending modes are dominantly longitudinal, similar
to what was previously observed for D2O.
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V. LIBRATION MODE L–T SPLITTING
Short range interactions, hydrogen bonds, and electrostatic

interactions with the surrounding molecules produce the angular
potential well for molecular libration. The orientation correlation
of the dipolar molecules results in an average electric field in the
mean direction of the molecular dipole, with dipole interaction
energy UD cos θ for a librating molecule. The harmonic oscilla-
tor frequency ω2 = kθ/I for small angular oscillations is changed
by the added torque −kθDθ on the interacting dipoles, where
kθD = θ−1dUD cos θ/dθ. The libration frequency increment due to
this dipole–dipole interaction is

Δω2 = −UD/I, (12)

where I is themoment of inertia of the libratingmolecule. The dipole
interaction energy per molecule for molecules with dipole moment
μ and number density ρ is

UD = −
μ2ρ
2πϵ0 ∫

d3r g12
3(μ̂1 ⋅ r̂12)(μ̂2 ⋅ r̂12) − (μ̂1 ⋅ μ̂2)

r312
, (13)

where g12 is the pair distribution function, μ̂1 and μ̂2 are dipole unit
vectors, and r̂12 is the intermolecular unit vector. In terms of the
correlation functions20

⟨(μ̂1 ⋅ r̂12)(μ̂2 ⋅ r̂12)⟩ = BL(r), (14)

⟨μ̂1 ⋅ μ̂2⟩ = BL(r) + 2BT(r), (15)

the interaction energy is

−UD = (μ2ρ/ϵ0)∫
∞

0
dr g(r)(BL − BT)/r. (16)

The interaction energy is different for longitudinal and transverse
correlated molecules. Combining Eqs. (12) and (16), one has

Δω2
LT = (2πc)2Δν2LT = −UD/I, (17)

where

νL = (ν2T + Δν2LT)1/2. (18)

The interaction energy UD can be evaluated using the
results from the molecular dynamics (MD) simulation using the
TIP4P/2005 water model in Ref. 20. From the MD simulation, one
has μ = 2.31 D = 7.7 ×10−30 C m, ρ = 3.34 ×1028 m−3, and μ2ρ/ϵ0
= 2.23 ×10−19 J. The integral in Eq. (16) is 0.1389 for BL and −0.0170
for BT , giving the interaction energy −UD = 3.48 ×10−20 J. The
integrals converge within 5% for r < 1 nm and within 0.1% for
r < 3 nm. The interaction energy is dominated by short range inter-
actions (r < 3 nm) since the integrand in Eq. (16) decreases as r−6 at
long range. Short range longitudinal correlation accounts for most
of the L–T splitting.

For times short compared to the orientation relaxation time,
the configuration of the hydrogen bond network is disordered and
random but fixed, similar to ice. The libration band in the HRS
spectrum of ice Ih consists of a narrow (31 cm−1 FWHM) peak at
515 cm−1 and a separate broad peak (212 cm−1 FWHM) at

825 cm−1.5 It is similar to the HRS libration band in the liquid
but shifted up in frequency with a much more slowly relaxing twist
mode. The broad high frequency component in both spectra may
be assigned as dipolar rocking and wagging librations, which are
strongly coupled and rapidly relaxing. Calculations for the proton-
ordered phase of ice Ih (ice XI) find libration modes with coupled
rocking or wagging on alternate neighbor molecules.30–33 Such cou-
pled rocking and wagging librations can be expected in liquid
water.

The moments of inertia for H2O are I(10−47 kg m2) = 3.014,
1.930, and 1.004 for rock, twist, and wag.34 An estimate for the effec-
tive moment of inertia for coupled rocking and wagging molecules
is the average of the rocking and wagging moments. Evaluating
Eq. (17) using I = 2.009 ×10−47 kg m2 for coupled rock and wag
of H2O, one obtains Δω2

LT = 17.3 ×1026 s−2 and Δν2LT = 4.88 ×104
cm−2. Given the transverse libration mode frequency νT = 707 cm−1,
one calculates νL = (ν2T + Δν2LT)1/2 = 741 cm−1 for the longitudinal
mode, as compared to νL = 743 cm−1 observed. The calculated L–T
splitting is 34 cm−1, in good agreement with the observed splitting
36 ± 3 cm−1 for the dipolar libration mode in H2O. This supports
the assignment of this mode as a coupled rocking–wagging libration.
A similar calculation for the 540 and 568 cm−1 T and L dipole modes
in D2O, where I(10−47 kg m2) = 5.777, 3.849, and 1.815 for rock,
twist, and wag,35 gives the calculated L–T splitting of 23 cm−1 as
compared to 28 cm−1 observed.9

VI. CORRELATED LIBRATION
The orientation pair correlation function for the permanent

molecular dipoles at long range in a fluid of dipolar molecules is
a solenoidal vector field with r−3 dependence.36,37 The interaction
between the permanent molecular dipoles in the MD simulation for
water in Ref. 20 produces a long range pair correlation with this
form, BL(r) = −2BT(r) = (a/r)3 for r > 2 nm with a = 0.172 nm,
where BL and BT are the orientation correlations longitudinal and
transverse to the intermolecular vector. HRS, which is polarized
transverse to the scattering wavevector K, is calculated for the ori-
entation mode with this long range correlation using Eqs. (7) and
(8).20

For the dipolar libration mode, the orientation correlation of
the permanent molecular dipoles at short range accounts for the
L–T splitting, but the intensity inequality with AL/AT = 8.8 also
requires correlation of the libration transition dipoles over distances
on the length scale of the wavelength of the scattering wavevector,
r ≥ Λ = 2π/K = 284 nm in this experiment. The observed longitu-
dinal polarized HRS is produced by long range correlation of the
transition dipoles with the asymptotic form for an irrotational vec-
tor field, BL(r) = −2BT(r) = −(b/r)3, opposite to the correlation for
the permanent dipoles.

The permanent dipole and vector β for H2O are parallel to
the molecular symmetry axis and both rotate with the molecule,
so the direction of the oscillating transition dipole for a rock-
ing or wagging libration is in a direction perpendicular to the
mean direction of the permanent molecular dipole. If a pair of
molecular dipoles point along the intermolecular direction, then
the libration transition dipoles cannot. Therefore, increasing lon-
gitudinal correlation for dipole orientation decreases longitudinal
correlation for the libration transition dipoles by the same amount.
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Starting from zero correlation, this produces longitudinal correla-
tions for the dipole and transition dipole with equal magnitude
and opposite sign. The same argument applies for the transverse
correlation.

A correlation function for a solenoidal vector field with the
r−3 asymptotic dependence for dipole–dipole correlation is17

BL(r) = [1 + (r/a)2]−3/2, (19)

BT(r) = [1 + (r/a)2]−3/2[1 − (3/2)r2/(r2 + a2)]. (20)

The Fourier transform of this correlation function using Eqs. (7)
and (8) gives a transverse spectrum with ST(0) = 2πa3 and
SL(0) = 0. This correlation function with a3 = 5.072 × 10−3 nm3

is a good representation of the MD simulation results for H2O,
except the short range structure for r < 2 nm.20 A correla-
tion function for an irrotational vector field with r−3 asymptotic
dependence is17

BT(r) = [1 + (r/b)2]−3/2, (21)

BL(r) = [1 + (r/b)2]−3/2[1 − 3r2/(r2 + b2)]. (22)

The Fourier transform of this correlation function gives a longitudi-
nal spectrum with SL(0) = 4πb3 and ST(0) = 0. For 2b3 = a3, these
solenoidal and irrotational functions give long range correlation
with the same magnitude but opposite sign.

The calculation of the longitudinal and transverse intensities
for the libration spectrum of H2O using Eqs. (7) and (8) is similar
to the calculation for the orientation spectrum in Ref. 20. The cor-
relation function is the sum of the delta function self-correlation at
r = 0 and the irrotational correlation function given by Eqs. (21) and
(22) outside the excluded volume with radius r1. The longitudinal
and transverse intensities are

SL(0) = 4πr30/9 + 4πb3 − (4πb3/3)[1 + (b/r1)2]−3/2, (23)

ST(0) = 4πr30/9 + 0 − (4πb3/3)[1 + (b/r1)2]−3/2. (24)

The self-correlation contribution is 4πr30/9, where 4πr30/3 = ρ−1,
ρ is the molecular density, r0 = 0.1928 nm, and r1 ≈ r0.20 The contri-
bution from the correlation functions Eqs. (21) and (22) inside the
excluded volume has been subtracted from the integrals over all r.
A more accurate calculation would use libration correlation func-
tions obtained from a MD simulation instead of Eqs. (21) and (22)
for r < 2 nm.

The observed ratio SL/ST = 8.8 is obtained from Eqs. (23)
and (24) for 2b3 = 5.16 × 10−3 nm3, which is nearly equal to
a3 = 5.072 × 10−3 nm3 for the orientation correlation obtained from
the MD simulation.20 This indicates that the long range correlation
function for the libration transition dipoles and libration transi-
tion vector β producing dominantly longitudinal librational HRS
is equal and opposite to the long range orientation correlation
function for the permanent molecular dipoles and is the result of

the long range orientation correlation of the permanent molecular
dipoles.

VII. CORRELATED VIBRATION
The ratio AL/AT ≠ 1 seen in Table II for the bending and

stretching modes indicates long range correlation for these molec-
ular vibrations.

The bending vibration for an isolated H2O molecule preserves
the C2v molecular symmetry, so the vector component of the tran-
sition β for the bending mode is parallel to the molecular dipole. If
this is also the case in liquid water, then transition β for the bend-
ing mode will inherit the long range orientation correlation of the
permanent dipole, and T polarized HRS should be observed for the
bending mode. However, the HRS bending mode seen at 1646 cm−1

is strongly L polarized.
The HRS stretching mode seen at 3423 cm−1 is a compos-

ite band with several contributions. The oscillating dipole for the
symmetric stretching vibration is oriented parallel to the permanent
dipole of the molecule, so the oscillating dipoles for the symmetric
stretching vibration will inherit the long range orientation correla-
tion of the permanent molecular dipoles. This is also the case for
the overtone of the bending vibration but not for the asymmet-
ric stretching vibration. The T HRS polarization observed for the
stretching band can be understood as a result of long range ori-
entation correlation of the permanent dipoles, unlike the L HRS
polarization observed for the bending mode.

VIII. CONCLUSION
Polarized HRS analysis shows that the libration spectrum of

water is composed of an octupolar twisting libration mode at 485
cm−1 and a dipolar coupled rocking–wagging libration mode split
into transverse and longitudinal polarized bands at 707 and 743
cm−1. Short range dipole orientation correlation (at distances less
than 2 nm) accounts for the splitting of the dipolar rocking–wagging
libration mode into longitudinal and transverse polarized bands.
The coupled wag and rock libration in liquid water is similar to
the calculated libration modes in ice. Each libration band is fit by a
Lorentzian spectral function with width 98–147 cm−1, and the long
tail of this Lorentzian accounts for the wide sloping background
extending 2000 cm−1 in the spectrum. The libration relaxation time
determined from the Lorentzian width is 36–54 fs. Long range corre-
lation of the librations (at distances greater than 200 nm) is required
to account for the large intensity difference for the L and T spectra.
Long range libration correlation revealed by the HRS analysis is the
result of orientation correlation of the permanent molecular dipoles,
and the resulting correlation is equal in magnitude but has opposite
sign. Orientation correlation of permanent molecular dipoles can
also account for the transverse polarization of the stretching vibra-
tion but not the observed longitudinal polarization for the bending
vibration in liquid water.
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