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ABSTRACT

Experiments measuring the polarization dependence of hyper-Raman light scattering reveal long-range correlation of molecular vibrations in
liquid CCly. The v3 and v; + v4 intra-molecular vibrations at about 770 cm™ ! are strongly polarized transverse to the scattering wavevector.
Weaker transverse polarization is exhibited by the v1, v», and v, intra-molecular vibrations and by the inter-molecular collision-induced band
around 0 cm ™. The observed polarization dependence is due to the correlation of the vibrations on molecules separated by about 200 nm. The
strength of the observed correlation increases with the transition dipole moment for the vibration mode and is consistent with dipole-dipole

coupling.
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. INTRODUCTION

The long-range correlation of the atomic position and motion
in crystals is predominantly the result of strong short range inter-
actions between the atoms. The same short range attractive and
repulsive interactions may be present in liquids, but in liquids, they
do not produce the long-range order seen in crystalline solids. For
times short compared to the structural relaxation time, liquids are
structurally similar to amorphous solids and glasses, with a fixed
configuration of neighbors around each molecule." Normal modes
for such disordered media are a mixture of localized modes and
non-local diffusive and propagating modes.” © The normal modes
of the inter- and intra-molecular vibrations for the instantaneous
configuration in a liquid are collective but may be local, and as the
inter-molecular interaction strength decreases, the intra-molecular
vibrations become more strongly localized on individual molecules.
Carbon tetrachloride is considered to be a liquid with weak inter-
molecular interactions, where one expects the intra-molecular vibra-
tions to be localized on individual molecules. Contrary to this expec-
tation, based on hyper-Raman scattering (HRS) measurements, one
finds that there is long-range correlation of the molecular vibrations
in CCly due to the long-range dipole-dipole interaction.

The propagating phonons in crystals have transverse or longi-
tudinal polarization with respect to the wavevector of the phonon,

and such transverse and longitudinal vibration modes can be identi-
fied by combining results from infrared and Raman spectra or from
the polarization dependence of hyper-Raman spectra. Earlier HRS
studies of crystals, glasses, and liquids found evidence for transverse
and longitudinal nonlocal vibration modes in several molecular lig-
uids including CcCly.”* Recently, there have been several more HRS
studies of glasses and liquids” "’ and liquid CCly, in particular.'*"’
The observations in the more recent studies are consistent with the
earlier work but were not interpreted in terms of nonlocal vibration
modes.

Long-range correlation of molecular orientation has been
observed using hyper-Rayleigh scattering measurements in a num-
ber of liquids,* with extensive measurements for water,"” nitroben-
zene,'* acetonitrile, and dimethyl sulfoxide.'” Hyper-Rayleigh scat-
tering is hyper-Raman scattering centered at zero frequency shift
mediated by the molecular first hyperpolarizability tensor f8, and
these hyper-Rayleigh scattering measurements have been inter-
preted in terms of long-range molecular orientation correlation
due to dipole-dipole coupling.'*”" The orientation pair correla-
tion function for the dipolar (first rank irreducible spherical tensor)
part of f8 for the molecules in the liquid must vary as > at long
range to produce the observed transverse HRS.'””’ The effect of
correlation on hyper-Raman scattering, mediated by the transition
hyperpolarizability, is similar.
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The present work applies the HRS measurement techniques
and analysis used in the study of long-range orientation correlation
in liquids to the study of vibration correlation in liquid CCly. Local
modes and nonlocal transverse and longitudinal modes are distin-
guished by the polarization dependence of HRS for the mode.”””’
The HRS 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 ver-
tical polarization, H denotes horizontal polarization, and the first
and second letters refer to the incident and scattered light, respec-
tively. At 90° scattering angle, the HRS intensity ratio Iyv/Ivy for a
polar vibration mode is Iyv/Ivy = 1, 2, or 0 according to whether
the mode is local, transverse, or longitudinal. The experimental
study below presents HRS spectral measurements for liquid CCly
in four linear polarization configurations. The measurements are
combined to decompose the spectrum into local, transverse, and
longitudinal components, and the results are interpreted in terms
of a dipole-dipole correlation model.

Il. EXPERIMENT

The experiment measures scattered light that is Raman-shifted
from the laser second harmonic frequency. Linearly polarized pulses
from an injection-seeded, cavity-dumped, single longitudinal mode
Nd:YAG (yttrium aluminum garnet) laser (operating at A = 1064 nm,
10 kHz repetition rate, 6 ns pulse duration, and 100 MHz line width)
are focused to a 8 ym diameter beam waist in the liquid sample in a
standard square 10 mm fluorimeter cuvette. The average laser power
was about 2 W, and the peak intensity at the focus was about 2/3 of
the 340 GW/cm? intrinsic laser induced breakdown threshold for
CCly. To avoid breakdown at the focus, dust was removed from the
CCly sample by continuous flow in a closed loop containing the sam-
ple cell and a 0.2 yum PTFE (polytetrafluoroethylene) filter. Scattered
light at 6 = 90° was collected and collimated by using an aspheric
lens (f = 4 mm), analyzed by using a linear polarizer, focused into
an optical fiber, and fiber-coupled to the spectrometer and photon
counting detector.

A scanning grating spectrometer was used to measure the HRS
spectrum and also to measure the HRS intensity at selected fixed
frequencies. The spectral slit width was 12 cm™" [full width at half
maximum (FWHM)] for all the HRS measurements. Multiple scans
were averaged to eliminate the effect of 2% laser power fluctuation
and drift during the measurements, and the spectra are corrected for
the spectral response of the system. Spectra for polarization analy-
sis were acquired from sequential scans of the spectrum with V'V,
HH, VH, and HV polarization. This sequence was repeated about
3000 times, and the spectra were summed for each polarization
configuration.

The spectrometer response has strong polarization depen-
dence, so an effective depolarizer is required between the analyzing
polarizer and the spectrometer. The combination of a long multi-
mode fiber (18 m) followed by a liquid crystal polymer microarray
depolarizer was used. The polarization response of the system was
calibrated using a thermal light source and integrating sphere placed
at the sample position.

The HRS intensity ratios Ivv/Inv, Igv/Ivy, and Igg/Ivy at
each fixed frequency selected by the spectrometer were accurately
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measured using techniques previously described.”* Several hundred
alternate 10 s measurements of the two polarization configurations
for each ratio are averaged to cancel the effect of intensity fluctua-
tion and drift. Rapid switching between polarization configurations
was done using a liquid crystal variable wave plate (LCVWP) to con-
trol the laser polarization and a fast rotator to control the analyzing
polarizer for the scattered light.

The collection numerical aperture (NA) was controlled by a
circular aperture following the collection lens. The HRS intensity
ratio at NA = 0 was obtained by extrapolating measurements in
the range 0.12 < NA < 0.50 to zero collection aperture. The accu-
racy of the polarization ratio NA extrapolation and the scattering
angle setting were tested using measurements of Mie scattering at
A =532 nm from a suspension of 85 nm diameter polystyrene micro-
spheres in H,O (40 ppm by weight, intrinsic depolarization ratio
=3.2 x 107%) in the same apparatus.”” Except for the VV HRS sur-
vey spectrum with NA = 0.50, spectra were scanned with NA = 0.12
and corrected for the effect of the finite collection aperture (correc-
tions <1%). The HRS photon count rate varied from 2000 s~* for
the most intense peak (0 cm™Y, VV, NA = 0.5) to 0.1 s~! for the
weakest peak (216 cm™}, VH, NA = 0.12). The background count
rate of the gated photomultiplier was 0.0011 s~'. The CCly; HRS sig-
nal showed no deviation from quadratic power dependence, and the
sample temperature was 25 °C for all measurements.

lll. EXPERIMENTAL RESULTS

The VV HRS spectrum measured for CCly is shown in Fig. 1,
and the HRS peak parameters obtained from the fit to the data are
given in Table I. Details of the fitted curves are given in the supple-
mentary material. The peak vy is the rotational and collision-induced
HRS spectrum,” v; is the symmetric stretch vibration, v, is the scis-
sor mode, v4 is the bending mode, and vs is the asymmetric stretch,
which is in Fermi resonance with the v; + v4 combination band.'>”’

HRS polarization ratios measured for each peak are given
in Table II. The ratio Iyy/Ivy = 1.000 + 0.005 was measured at
v =760 cm™ !, Typ/Tyy = 1.001 + 0.001 was previously measured
atv=0cm " and Iyg/Ivy = 1 is assumed in the following anal-
ysis. At scattering angle 6 = 90° and assuming Kleinman symmetry,
the HRS intensities due to the octupolar contribution Ay, the dipo-
lar transverse mode contribution Ar, and the dipolar longitudinal

22.23

mode contribution A; are™

Iyy = (3/2)A0 +9Ar, (1)
Inv = Ao + Ar, 2
IHH=IVH=A0+(1/2)(AT+AL), (3)

where I'vy/Inyv = 3/2 for pure octupolar HRS (third rank irreducible
spherical tensor part of ) and Ivyv/Iny = 9 for pure dipolar HRS
(first rank irreducible spherical tensor part of §).”'***

The HRS intensities measured with VV, HV, and VH linear
polarization configurations are combined to determine the octupo-
lar mode, polar transverse mode, and polar longitudinal mode
contributions using the following relations:

Ao = (6/5)Inv — (2/15)Ivv, (4)
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FIG. 1. VV HRS spectrum of CCl, scanned with 12 cm~" spectral resolution, plot-
ted with (a) linear and (b) logarithmic intensity scale. The solid curve fit to the data
points is the sum of the contributions for each peak (dashed curves). Frequency v
is the Stokes Raman shift.

At = (2/15)Ivv = (1/5)Inv, (5)

Ar = (2/15)IVV — (II/S)IHV + 2Ivy. (6)

The relative size of the dipolar and octupolar HRS contri-
butions determined from the measured intensity ratio Ivy/Iny is
shown as the ratio Ar/Ag in Table II. The vy peak at v =10 cm s
predominantly octupolar HRS, the v3 and v; + v4 peaks are predom-
inantly dipolar HRS, and the other peaks have comparable octupolar
and dipolar contributions.

Nonlocal polar mode contributions are determined from the
measured HRS intensity ratio Iyv/Ivy and are indicated by the ratio
Ar/Ar in Table II. Local modes produce A;/Ar = 1, so the devia-
tion from Az/Ar = 1 indicates a nonlocal polar mode contribution.
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TABLE I. Peak positions, widths (FWHM), and normalized integrated intensities for
the VV HRS spectrum in Fig. 1.

Mode v (cm™ 1) 2Av (em™ 1) Intensity
V(A1) 0 20+ 1 1000

1(E) 223+2 47 +2 7+1
va(F>) 312+ 1 191 28+ 1
(A1) 461+ 1 57+ 1 9+1
v1 + v4(F7) 762 + 1 22+1 135+ 1
v3(F2) 784 + 1 17+1 86+ 1

All the modes in Table II show a significant nonlocal mode contri-
bution. The v3 and v; + v4 modes with A;/Ar = 0 are almost pure
transverse polar modes.

The two most intense bands in the HRS spectrum have been
studied in more detail. Figure 2 shows the HRS spectra with VV, HV,
VH, and HH polarization for the Fermi resonance doublet at about
770 cm™", and Fig. 3 shows the VV, HV, VH, and HH spectra for
the hyper-Rayleigh band centered at 0 cm™". There is no significant
observed deviation from Iny/Ivy = 1 for either band, so the spectral
intensity data have been analyzed using Egs. (4)-(6) to obtain the
octupolar, transverse dipolar, and longitudinal dipolar spectra.

Figure 2(b) shows that the polarization ratios over the cen-
tral part of the 770 cm”! band are Ivy/Igy ~ 8 and Igv/Ivy ~ 1.8,
indicating a dominant transverse polar nonlocal mode. Both polar-
ization ratios decrease in the wings of the spectrum, indicating an
additional broader local octupolar contribution. This is confirmed
in Figs. 2(c) and 2(d), which show the octupolar, transverse dipo-
lar, and longitudinal dipolar spectral components obtained from the
spectra in Fig. 2(a) using Egs. (4)-(6).

The Ay spectrum in Fig. 2(c) is fit by the sum of two peaks,
each of which is the convolution of a Gaussian and an exponentially
clipped Lorentzian function. A Lorentzian function decreases too
slowly in the wings, so it is multiplied by a symmetric exponentially
decreasing function to better represent the observed spectrum. The
Gaussian function represents the spectrometer transmission func-
tion and other spectral broadening contributions. Simpler functions
are adequate to fit the Ag and Ay, spectra in Fig. 2(d). The Aq spec-
trum is fit by the sum of two exponentially clipped Lorentzians with
the same peak positions as the peaks in the A7 spectrum, and the Ay
spectrum is fit by the sum of two equal-width Gaussian functions.
Details of the fit functions are given in the supplementary material.

TABLE II. HRS polarization ratios for CCl, measured at frequency shift v with 12 cm—" spectral resolution at 90° scattering

angle and extrapolated to zero collection aperture.

Mode v (Cmil) Ivv/IHv IHv/IVH AT/A() AL/A() AL/AT

Vo 0 1.872 £0.018 1.010 £ 0.004 0.052 +0.003 0.031 + 0.009 0.60 + 0.16
V2 216 3.89+0.14 1.072 £ 0.025 0.47 £ 0.04 0.27 £ 0.07 0.58 £ 0.14
V4 313 6.71 £0.22 1.028 £ 0.012 2.28 £ 0.31 2.10 £ 0.31 0.92 +0.03
V1 461 3.86 £0.13 1.034 £ 0.024  0.46 £0.04 0.36 £ 0.07 0.79 £0.14
Vi + Vg 762 8.37 £ 0.05 1.847 £ 0.011 11.0+ 0.9 —0.01 £+0.11 —0.001 +0.010
V3 784 8.20 £ 0.05 1.800 + 0.011 8.35+0.60 0.04 + 0.09 0.005 £ 0.011
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FIG. 2. (a) HRS spectra for the v3 and v + v4 modes, showing data points
measured with four linear polarization configurations. Data points obtained by com-
bining the data at each frequency are shown for the (b) polarization ratios, (c)
intensity Ar, and (d) intensities Ay and A, . The function fit to the combined data is
shown by the solid curves, with the separate v3 and vy + v4 components shown
by the dashed curves in (c).

The separation of the vi + v4 and v3 peaks is 22.3 + 0.2 cm” ! for
the A7 spectrum and 25 + 5 cm™" for the Ay, spectrum, not signifi-
cantly different, but the peaks in the A} spectrum are shifted up from
the A peaks by 16 + 2 cm™". The frequency difference between the
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FIG. 3. (a) HRS spectra for the vy mode, showing data points measured with four
linear polarization configurations. Data points obtained by combining the data at
each frequency are shown for (b) the polarization ratios and (c) the intensities Ay
and A7 and A, . The function fit to the combined data is shown by the solid curves.

longitudinal and transverse spectral peaks can be estimated using

the Lyddane-Sachs-Teller relation vy /vy = (€o/€w0)"/? for the LO
and TO mode frequencies of dipolar modes.”””’ For CCl; where
€ = 22379 and € ~ n® = (1.46)*> = 2.13, this relation gives
vi/vr = 1.025 and an LO-TO splitting of 19 cm” !, close to the
observed splitting. The longitudinal spectrum is much weaker than
the transverse spectrum. The ratio of integrated intensities for the
Ay and A7 peaks is 0.006 + 0.004 for v; + v4 and 0.060 + 0.007 for vs.

The analysis of the hyper-Rayleigh spectra in Fig. 3 is similar to
that previously reported.” The octupolar A spectrum in Fig. 3(c)
is fit by the sum of a narrow exponentially clipped Lorentzian and
a broader exponential component, multiplied by the exponential
Boltzmann factor and convolved with a Gaussian. The Lorentzian
is the rotational HRS spectrum, and the broad exponential is the
collision-induced spectrum. The dipolar collision-induced At spec-
trum is fit by a broad exponential function multiplied by the expo-
nential Boltzmann factor and convolved with the same Gaussian.
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The Ay spectrum is fit by the scaled Ay spectrum, with intensity
ratio Ap/Ar = 0.683 + 0.014. The fit functions are given in the
supplementary material.

IV. DISCUSSION

The HRS observations in Fig. 2 indicate the presence of long-
range correlation of the molecular vibrations in liquid CCly. The
polarized HRS spectra for the vs and v; + v4 vibrations in liquid
CCly are similar to HRS spectra for TO and LO propagating phonon
modes in a crystal,” except that for the liquid, the longitudinal mode
contribution is much weaker than the transverse mode contribution.
Similar polarization dependence, with a dominant transverse mode
contribution, has been observed for hyper-Rayleigh scattering from
polar liquids such as water'” and acetonitrile'” due to long-range
molecular orientation correlation.

The long-range orientation correlation in water'” is due to the
permanent dipole moment g = 6.2 x 107°° Cm for H,0.”" A possi-
ble mechanism for vibration correlation in CCly is resonant dipole-
dipole coupling between the transition dipole moments on vibrating
molecules, analogous to the dipole-dipole coupling between perma-
nent molecular dipoles. The transition dipoles for the CCly funda-
mental vibrations are y = 7.75 x 107! Cm for vs and 3.09 x 10732
Cm for v4,”> much smaller than typical permanent dipoles. How-
ever, alignment of the transition dipole may be facilitated because
the dipole produced by a linear combination of the three-fold degen-
erate modes for an F, symmetry vibration is free to point in any
direction.

A simple model for long-range vibration correlation in CCly is
given by the correlation tensor for a solenoidal vector field with >
asymptotic dependence.'””’ The components of the diagonal cor-
relation tensor, longitudinal and transverse to the inter-molecular
vector r, are

Bi(r) = [1+ (r/a)’]7, @)

Br(r) = [1+ (r/a)’] P [1= (3/2)r%/(# + a)]. ®

These functions are shown in Fig. 4(a) and can also be expressed
in terms of rotational invariants ®''° = ) - i, and ®'*2 = 3(yi - #)
(¢-1) — i1 -, with coefficients W10 =B, + 2B and h''? =2B; - 2By,
where 41 and 4, are the transition dipole unit vectors for molecules
1 and 2.”"* The Fourier transform of this correlation tensor gives
the spectral intensities transverse and longitudinal to the scattering
wavevector K,

Sr(Ka < 1) = 21a’, 9)
SL(K) =0. (10)

A more realistic correlation function is obtained by mod-
ifying Eqs. (7) and (8) with an excluded volume, which gives
Bi(r) = Br(r) = 0 for r < r1, and adding a delta-function self-
correlation at = 0 with volume integral p~'/3, where p™" = 47rg /3 is
the volume per molecule. The spectral intensities with this modified
correlation function, for Ka < 1, are”’

Sy = 2ma’ +4nry 9 — (4ma’ [3)[1 + (a/rl)z]_w, (11)

St = 4mr 9 — (4ma’ [3)[1 + (afr)?] 2. (12)
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FIG. 4. (a) Model correlation functions, B; and By from Egs. (7) and (8) for a = rg,
with asymptotic limits shown by horizontal dotted lines. (b) Longitudinal/transverse
intensity ratios for modified correlation functions with B, = By =0 for 0 < r < ry.
The intermolecular separation z = r/ry, the cutoff radius for the correlation func-
tion y = r4/rg, and the correlation strength x = alry are scaled by the molecular
radius r.

The difference between St and Sy, is entirely due to the correla-
tion at along range, r > K~ = A/2."" Figure 4 of Ref. 18 showed the
Fourier transform integrals [Eqs. (19) and (20) of Ref. 18] for S and
S1. plotted as functions of the upper integration limit r, for the corre-
lation functions given in Egs. (7) and (8). For small 3, the difference
St — S =0, but Sy — St begins to increase for r, > 0.5 K!, and
St — 81 reaches its asymptotic value for r, > 10 K~ !. The main con-
tribution to the difference S — Sy, is from r» ~ 5 K™}, for correlation
lengths close to the wavelength A of the scattering wavevector. For
CCly in these experiments, K~ ' = 41 nm, and the main contribution
to St — Sy is from correlation at r ~ 200 nm.

The parameter a in Eqgs. (11) and (12) is a measure of the
strength of long-range correlation with 7~ asymptotic dependence.
The value for a may be determined from a fit to experimental val-
ues for St and Sz, but the result obtained for a from this fit will have
some dependence on the assumed form of the short range correla-
tion. A more accurate result for a could be obtained using a more
accurate short range vibration correlation function from a molec-
ular dynamics simulation, similar to the calculation of the orienta-
tion correlation functions for the analysis of hyper-Rayleigh scatter-
ing.'"'® The spatial intensity spectra S;(K) and Sr(K) produced by
the most general correlation function for a homogeneous isotropic
random vector field are given by the Fourier transform expressions
[Egs. (11) and (12) of Ref. 19].
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Figure 4(b) shows S;/St determined from Egs. (11) and (12),
plotted vs normalized correlation strength x = a/ry for several values
of the normalized cutoff radius y = ri/ro. The un-physical nega-
tive values for S;/Sy obtained for correlation parameter a > ry are
due to the abrupt cutoff at ;. A normalized cutoff radius y = 0.88
for CCly is obtained from the liquid density of 6.24 nm~> and the
Lennard-Jones diameter of 0.59 nm.”"”> The analysis of previous
HRS experiments found a cutoff at y = 1.04 for water'® and y = 0.90
for nitrobenzene,'® and the dipole orientation correlation strength
is x = 0.86 for water'® and x = 0.58 for nitrobenzene.'® In that
work, the short range part of the orientation correlation function
was determined from a molecular dynamics simulation.

The observed ratio Sy/St = AL/Ar = 0.060 + 0.007 for the v
mode in CCly is obtained from Fig. 4(b) for x = 0.79 and y = 0.90,
and the observed ratio A /At = 0.006 + 0.004 for the v; + v4 mode
is obtained for x = 0.85 and y = 0.90. The long-range vibration cor-
relation for these modes in CCly is comparable to the long-range
orientation correlation x = 0.86 for water.

The correlation strength varies as a® oc y* for dipole-dipole
coupling. Since the transition dipole for the v4 mode is 25 times
smaller than for v3, one expects much weaker long-range correlation
for v4 than for v;. If a/r¢g = 0.79 for v3, then a/r¢ = 0.09 is estimated
for v4, and Fig. 4(b) gives S¢/St = 0.997 for the v4 mode as compared
to Ar/A7r =0.92 + 0.03 that is observed.

The ratios Ap/Ar # 1 measured for the vy, v, and
modes indicate the presence of long-range correlation for these
modes, even though their symmetry species are non-dipolar. How-
ever, the molecules are distorted by interactions with neighbor
molecules. The electric field of the octupole moment on one CCly
molecule induces a dipole on its neighbor during close collisions,
and the dipole-dipole interaction can produce orientation corre-
lation between the collision-induced dipoles on widely separated
molecules, similar to the orientation correlation between molecules
with permanent dipoles seen in hyper-Rayleigh scattering from
dipolar liquids."*"”

The average squared field (E*) at distance r from a CCly
molecule is

(E?) = (48/5) (4me0) "y /(r "), (13)

where . is the only independent nonzero component of the
octupole moment tensor for CCly. The field E = 4.9 x 10° V/m, cal-
culated using Eq. (13) and the parameter values in Table III, will
induce a dipole g = agE = 6.1 x 107*" Cm on a colliding neighbor
molecule. The induced dipole is parallel to the field E since the polar-
izability tensor is isotropic. This induced dipole is about the same
size as the transition dipole for the v3 mode, so the degree of orien-
tation correlation for the collision-induced dipoles is expected to be
comparable to the correlation observed for the v3 vibration. The col-
lision trajectories for widely separated pairs of colliding molecules
must be correlated by the dipole-dipole interaction to produce this
orientation correlation of the induced dipoles.

The molecular octupole field also induces a contribution
AB = yE on each colliding neighbor molecule. The magnitude of
induced AB = 3.8 x 107> C* m® J7? is comparable to permanent
Bxyz> and a previous study found that A makes a large contribution
to the HRS signal.”® The tensor y for CCly is nearly isotropic, differ-
ing from a sphere only in that y..z; = Yzzxx + Yexex + Yexxz may not
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TABLE Ill. Molecular parameters for CCly, where a is the static polarizability, 3 and
y are from gas phase measurements at A = 1064 nm, Q is from gas phase far-IR
absorption, e and ¢ are for the Lennard-Jones 6-12 potential, p is the liquid density,
and p~! = 4nr3 /3.

Parameter Value Reference
o 1.25%x 107 C?m?) ! 36
By 54404 %102 CPm? 2 37
() 2z 7.7+0.1x 10~ % C*'m? "’ 38
Quy: 53+ 1.0x 107 Cm’ 39
elks 327K 35
o 0.588 nm 35
1o 0.337 nm

P 6.24 x 107 m~* 31
) 2.6x10°m™° 26
(r™1% 1.1x10% m™'° 26

hold. The induced Af due to the isotropic part of y transforms as a
vector aligned with the induced dipole, so it has the same orientation
correlation as the dipole, and transverse polarized HRS is expected
as a result.

Long-range polar orientation correlation of collision-induced
dipolar Af can account for A;/Ar < 1 that is observed for the vo,
v1, v2, and v4 modes, which have a small or zero transition dipole.
For the vy mode, uncorrelated random orientational diffusion of 8
produces the Lorentzian octupolar spectrum in Fig. 3(c), fluctuating
short range orientation correlation of 8 produces the exponential
wing of the octupolar spectrum in Fig. 3(c), while modulation of
ApB during a collision produces the exponential dipolar spectrum
in Fig. 3(c).”® From Fig. 4(b) using the value S;/St = Ar/Ar = 0.60
+ 0.16 that is observed in Fig. 3(c), one estimates correlation strength
x = alry = 0.47 for the dipolar inter-molecular contribution to the vy
mode.

HRS from the E symmetry species v» mode is forbidden by sym-
metry (but not exactly when the T; symmetry is lowered by isotope
effects), so most of the HRS signal is due to the collision-induced
contribution modulated at the v, vibration frequency. Vibrational
modulation of Af can occur through the dependence of (), and
(y) on the vibrational coordinate. Long-range orientation correla-
tion with x = a/ro = 0.48 for the dipolar collision-induced Af can
account for A;/Ar = 0.58 + 0.14 that is observed for the v, mode.

HRS from the A; symmetry v; mode will have an allowed
octupolar contribution and a collision-induced contribution from
Ap modulated at the v, vibration frequency. One expects the same
correlation for the dipolar collision-induced Af for vo, v1, and v,
modes, but the observed result A;/Ar = 0.79 + 0.14 for v; indi-
cates a weaker correlation. However, the v; band is overlapped
by the 2v, overtone band, which has an allowed dipolar 8 con-
tribution but a transition dipole too small to produce significant
vibration correlation. The uncorrelated 2v, contribution added to
the v; collision-induced Af contribution results in a reduced aver-
age correlation and increased A;/Ar, so dipolar collision-induced
AB with correlation x = a/ro > 0.37 can account for the v
observations.
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The v4 mode has both allowed and collision-induced HRS
contributions. The observed Ar/Ar = 0.92 + 0.03 is due to the
combination of a contribution with correlation x = a/ro > 0.26
from dipolar collision-induced A modulated at the v4 vibra-
tion frequency, diluted by the allowed HRS contribution for
which the small v, transition dipole results in negligible vibration
correlation.

Effects of vibration correlation are also seen in other experi-
ments. Transition dipole coupling in polar molecular liquids pro-
duces the frequency shifts observed in the spectral non-coincidence
effect, where the frequencies of the infrared, isotropic Raman, and
anisotropic Raman components of a polar vibration band do not
coincide.” ** The effect is seen when the orientation of perma-
nent molecular dipoles is correlated by dipole-dipole (or hydrogen
bond) interactions between the polar molecules, and the symmetry
axis for the IR active stretching vibration is aligned with the per-
manent dipole of the polar molecule. The frequency shift due to
vibration transition dipole correlation is a function of 10 = d1 - tha,
so it is not sensitive to long-range correlation due to dipole-dipole
coupling.

Theory for the coupling of transition dipoles associated with
infrared-active vibrations has been developed for crystals,” and it
has been extended and applied to calculate the LO-TO splitting
produced by dipole coupling in ionic liquids.”* Transition dipole-
transition dipole coupled vibration is also observed in the Raman
spectrum of liquid and plastic crystal CF4, where the split v3 peak
is assigned as LO and TO modes.”*" Recent molecular dynam-
ics simulations and normal mode analysis of ice find both highly
localized and de-localized vibration modes,”” and recent molecular
dynamics calculations for liquid water find propagating phonon-like
modes with a LO-TO splitting, indicating the presence of coherent
long-range dipole—dipole interactions.*

HRS measurements are uniquely sensitive to long-range cor-
relation of polar modes in isotropic media.'”*"***’ Previous HRS
experiments that observed LO and TO modes for liquid CCly
emphasized the phonon-like character of the vibrations,”* but the
modes in disordered dense media may be de-localized and non-
propagating. The present experiments are consistent with long-
range vibration correlation with 7> dependence. This spatial depen-
dence could be tested with measurements of polarization dependent
HRS as a function of scattering angle.”” "

V. CONCLUSION

The polarization dependence of hyper-Raman scattering from
liquid CCly provides evidence for long-range correlation of the
molecular vibrations in the liquid for both the intra-molecular
vibration modes and the inter-molecular modes (collision-induced
HRS). Direct coupling between the transition dipoles can account
for the correlation for dipolar vibration modes with a large tran-
sition dipole. The transient dipole and aligned vector hyper-
polarizability induced during molecular collisions can account
for the vibration correlations for modes with small or zero
transition dipole. The observations are consistent with a cor-
relation function that has r> asymptotic dependence, and
the correlation strength parameter is estimated from the HRS
measurements.
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SUPPLEMENTARY MATERIAL

See the supplementary material for spectral curve fit data.
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