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Improved spectral measurements of the narrow spike in the high resolution hyper-Rayleigh light
scattering spectrum for deuterated liquid nitrobenzene �C6D5NO2� doped with triflic acid
�CF3SO3H� determined that the reorientation time for the dopant-induced polar domains is 2.9 �s
in the dilute limit. Two models based on ions dissolved in nitrobenzene fit the measured spectral
broadening function. © 2008 American Institute of Physics. �DOI: 10.1063/1.2987297�

I. INTRODUCTION

The structure of polar molecular liquids is an unsolved
problem of long standing, which has recently received re-
newed attention in the form of theoretical calculations and
model simulations.1–15 The structures found in simulations of
model fluids include chains of head-to-tail dipoles,3–7 colum-
nar ferroelectric phases,9 bubble domains,10 and dipoles with
vortex orientational order.11,12,15 However, although a recent
large-scale molecular dynamics simulation for water16 found
a vortexlike structure of the dipole field, even more recent
large-scale molecular dynamics simulations for liquid
water17 and acetonitrile,18 employing realistic intermolecular
interaction potentials, failed to find evidence for ferroelectric
ordering of the molecules.

Experimental evidence for ferroelectric molecular order
in real liquids comes from recent hyper-Rayleigh scattering
�HRS� measurements for water,19 acetonitrile,20

nitromethane,21 and nitrobenzene �NB�.22 These experiments
measured the spectrum of the light scattered by the liquid,
near the second harmonic frequency of the incident laser
beam, for several combinations of incident and scattered
light polarization. A narrow spike is observed at zero fre-
quency shift in the VH depolarized HRS spectrum �where V
denotes vertical linear incident-electric-field polarization, H
denotes horizontal linear scattered-electric-field polarization,
and the scattering plane is horizontal�. This spike is not
present in the VV or HV HRS spectra, which identifies it as
due to a longitudinal polar collective mode.20,23 The spectral
width of the spike is �10 MHz, which corresponds to a
relaxation time �30 ns for this mode,19,21,22 very long com-
pared to the picosecond molecular reorientation time scale.
This long-lived collective mode with polar molecular order
is ascribed to slowly relaxing ferroelectric domains in the
liquid. The main result of this work is an improved determi-
nation of the fluctuation time for the polar domains in NB,
which gives information about their size and motion. Sys-
tematic errors in the spectral broadening measurements lim-
ited the accuracy of the fluctuation times obtained from the
previous experiment.22 These systematic errors have been
identified and eliminated in the present work.

II. EXPERIMENTAL METHOD

The experimental apparatus and procedure for measuring
the high resolution VH HRS spectrum of NB are similar to
those previously described.22,24 Linearly polarized pulses
from an injection-seeded single-longitudinal-mode Nd:YAG
�yttrium aluminum garnet� laser are focused onto the liquid
sample contained in a 1 cm spectroscopic cuvette. Light scat-
tered around the 90° scattering angle is collected and colli-
mated by a numerical aperture �NA� 0.62 lens, analyzed by a
polarizing beam splitter, fiber coupled to a scanning confocal
Fabry–Pérot �FP� interferometer, and then fiber coupled to an
interference filter and the photon counting detector. The in-
strument spectral response function �reference spectrum� was
measured by scanning the second harmonic light generated
by a potassium titanyl phosphate crystal. Several thousand
scans of the reference and the HRS signal were alternated for
each sample measurement. All spectra were acquired at a
sample temperature of T=27.0 °C.

The apparatus and techniques employed earlier have
been refined to improve the sensitivity of the line broadening
measurements and to eliminate significant systematic errors.
A FP interferometer with higher reflectivity mirrors and
larger mirror spacing �free spectral range �FSR�=750 MHz�
is used to obtain higher resolution �9 MHz full width at half
maximum intensity �FWHM��, and it is hermetically sealed
to eliminate the effect of barometric pressure fluctuations.
The pulse-to-pulse jitter of the laser frequency has been re-
duced by better vibration isolation and a more rigid resonator
structure, so that the time averaged linewidth for the laser is
at the 3.2 MHz FWHM Fourier transform limit for the
pulses. The resulting instrumental linewidth is 13 MHz
FWHM including the contributions of the laser second har-
monic linewidth, the FP resolution, and the drift of the laser
with respect to FP scans taken during the course of the ex-
periment.

The measured HRS spectrum is the convolution of the
true HRS spectrum with the instrument spectral function, so
deconvolution is required to obtain the true HRS bandwidth.
A reliable result for the HRS spectral width when it is small
compared to the instrument resolution requires both a strong
signal to reduce statistical uncertainties and careful attention
to potential systematic errors. The transmission peak for the
confocal spherical FP is sensitive to the transverse distribu-a�Electronic mail: shelton@physics .unlv.edu.
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tion of the light on the two interferometer mirrors due to the
spherical aberration of the mirrors.25,26 As the spot size is
increased the transmission peak shifts to lower frequency, the
width increases, and the peak skews to higher frequency.
Therefore, the illumination of the FP by the signal and ref-
erence light must be very carefully matched in terms of spa-
tial and angular distributions. �Reference illumination using
a too small NA accounts for most of the 3 MHz systematic
error in the previous experiment.22� The HRS light from the
sample is collimated by an aspheric lens and then focused by
a second aspheric lens onto the optical fiber that transmits
the light to the FP. In the present apparatus a polarizing beam
splitter is placed between these lenses to serve as the polar-
ization analyzer for the HRS light and as the beam combiner
for the HRS and reference beams. The image of the HRS
source on the fiber input end is a thin line, and the reference
beam optics are constructed to give a matching image for the
reference light. An aperture stop placed before the second
lens, in the common path for both beams, helps ensure that
the NA is the same for both beams focused onto the fiber.
Small differences between the beams coupled into the fiber
are reduced by a mode scrambler consisting of a series of
microbends of the fiber.27 As a final precaution, the reference
must be generated from the same laser beam that goes to the
HRS sample cell since the beam out of the rear mirror of the
slave laser is contaminated with the seed laser beam and will
produce a different spectrum. The adequacy of the matching
of the sample and reference illumination of the FP was tested
using fused silica glass as the sample. The fused silica HRS
spectrum should have zero broadening and shift compared to
the reference spectrum. The fused silica HRS spectrum was
fit with the peak obtained by convolving the reference spec-
trum with a Lorentzian function L���=A / �1+ �� /�0�2� and
then shifting by ��. The broadening and shift ��0 and ��� of
the fused silica HRS spectrum are both zero to within the 15
kHz statistical uncertainty of the fit.

There is one further systematic error due to weak ab-
sorption of the 1064 nm laser beam that occurs for typical
liquid samples but not for fused silica. The HRS signal is
produced near the focused beam waist from a volume about
6 �m diameter and 0.1 mm long in these experiments. The
temperature of the liquid in this small volume will rise dur-
ing the laser pulse, the refractive index n will fall, and the
wavefronts of the incident laser beam will advance further
than they would have. The optical phase at distance z from
the start of a uniformly heated zone is ��t�=�Lt−2�nz /	L.
The instantaneous frequency is ��t�=d� /dt, so the time
variation in n due to heating causes a shift to higher fre-
quency: �� /�L=−�dn /dt�z /c. The shift will vary both along
the beam track and in time since the rate of rise of the tem-
perature during the pulse is not constant. For NB the refrac-
tive index temperature coefficient28 is dn /dT=−4.6

10−4 K−1 so a temperature rise by 1 K in 100 ns acting
over a length of 0.1 mm in the liquid gives an upshift of 1
MHz. The measured laser absorption is 0.4 m−1 for NB so
the estimated temperature rise of the focal cylinder for a 0.1
mJ pulse is 0.8 K �considering the heat capacity but ignoring
the thermal conductivity of the liquid� and the estimated shift
for the HRS light generated at the waist is about 0.4 MHz,

consistent with the observed upshift of about 0.3 MHz for
0.1 mJ pulses. The observed shift increases with laser beam
power, and the observed broadening is less than 0.3 times the
shift. Since the laser absorption is 20 times less for deuter-
ated NB, the HRS peak shift is effectively eliminated for
C6D5NO2. The HRS signal is also increased since the ther-
mal lens effect is greatly reduced. The experiments reported
here used deuterated NB.

III. EXPERIMENTAL RESULTS

The VH HRS spectra of NB obtained in this experiment
consist of a narrow peak riding on a flat background. The
narrow peak is the instrumentally broadened spike. The flat
background is formed from the broader components of the
NB HRS spectrum by the overlap of 2400 successive spec-
tral orders of the FP interferometer which fall within the
60 cm−1 bandpass of the interference filter. One FSR con-
tains the integrated intensity of the HRS spectrum. The HRS
spectrum is fitted with a function composed of a constant
background term added to the peak obtained by convolving
the reference spectrum with a Lorentzian function L���
=A / �1+ �� /�0�2�. For all spectra the Lorentzian broadening
function gives an excellent fit to the data as judged by the �2

test. The principal results obtained from each spectrum are as
follows: S /B, the ratio of the integrated intensities of the
peak �S� and the background �B� and �0, the spectral width
of the spike.

Deuterated NB �C6D5NO2� �Isotec, 99.5 at. % D� gave
S /B in the range of 0.001–0.006 and was used as received.
Samples were prepared by adding triflic acid �TfA,
CF3SO3H� �Sigma-Aldrich, reagent grade� to deuterated NB,
and then successively diluting this solution. Solution concen-
trations were determined by weighing the components, and
samples were measured about 5 days after preparation.

Results of the HRS measurements are summarized in
Table I and displayed in Fig. 1. Polar order of the liquid is
indicated by the ratio S /B, which increases and then satu-
rates as the mole fraction x of triflic acid dissolved in the NB
increases. The variation in S /B seen in Fig. 1�a� is described
by a curve of the form

f�x� = �S/B�max�x/�x + x0�� �1�

with coefficients �S /B�max=0.374�0.005 and x0

= �3.03�0.11�
10−6 �the saturation mole fraction�. The
tabulated results have been corrected for the effect of the

TABLE I. VH HRS measurements for NB-triflic acid solutions. The tabu-
lated error bars are the uncertainties due to photon counting statistics added
to 1% of S /B or 5% of �0 due to other contributions.

x S /B a �0 �MHz�

1.71
10−7 0.019�0.001 0.05�0.09
1.20
10−6 0.109�0.002 0.08�0.05
8.46
10−6 0.270�0.005 0.12�0.03
5.97
10−5 0.348�0.007 0.49�0.06
4.20
10−4 0.379�0.007 1.36�0.10
2.95
10−3 0.380�0.009 5.44�0.35
2.06
10−2 0.377�0.016 21.4�1.4

aSolvent S /B= �5.9�0.6�
10−3.
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residual impurity of the NB solvent using the expression:
S /B= �solution S /B�− �solvent S /B� / �1+ �x /x0�2�. This ex-
pression assumes that the effect of the residual impurities in
the NB is the same as the effect of a small added increment
of acid. The previous measurements agree with the present
results for low acid concentration but fall above the present
results for high acid concentration. This appears to be an
aging effect and is interpreted as due to restructuring of the
packed domains in highly doped samples. The previous mea-
surements were made within 1 day of sample preparation
while the measurements presented here were made 5 days
after sample preparation.

Figure 1�b� shows that the spectral width of the spike in
the VH HRS spectrum �0 increases with x over the entire
concentration range measured. The variation in �0 seen in
Fig. 1�b� is described by a curve of the form

�0�x� = �m�1 + x/x0�2/3 �2�

with �m=55�2 kHz. The Lorentzian width �m for the spike
at low x corresponds to an exponential relaxation time m

= �2��m�−1=2.9�0.1 �s. The previous measurements of �0

fall about 3 MHz above the present results due to a system-
atic error in the previous measurements.

HRS spectra were measured for a range of laser power
for the x=5.97
10−5 sample to check that the observed
spectra are intrinsic to the sample and are not induced by the
laser. The results for S /B and �0 are independent of the av-
erage laser beam power over the range of 0.4–1.2 W �results
in Table I were obtained at 0.4 W�.

The intensity of the spike was measured and compared
for VH and HV polarization geometries for the x=5.97

10−5 and x=1.71
10−7 samples. For these measurements
the NA for light collection from the sample was reduced
from NA=0.48 to NA=0.26 to reduce the amount of VH
polarized light mixed into the HV signal. The predicted in-

tensity of the spike observed in the HV spectrum due entirely
to this mixing is 11.4% of the VH spike intensity.23 The
observed HV spike intensities are 11.4�0.7% and 14�3%
of the VH intensity for the high and low x samples, respec-
tively. Thus, there is no detectable spike with true HV polar-
ization for either sample. This shows that long range �280
nm wavelength� longitudinal orientation correlations persist
even in the most dilute doped sample measured. For the un-
doped NB sample, the measured HRS integrated intensity
ratios were VV /HV=5.4�0.1, HH /VH=1.11�0.02, and
HV /VH=1.56�0.05.

IV. DISCUSSION

The interpretation of the results of this experiment is that
polar domains are induced and stabilized by TfA.22 It is as-
sumed that the liquid at low dopant concentration contains
isolated domains of characteristic volume VD and the number
of domains is proportional to x, while at high dopant concen-
tration the domains fill the entire liquid volume. The charac-
teristic volume of the domains is estimated from the dopant
saturation mole fraction x0, assuming that at saturation each
dopant molecule induces formation of a domain and the do-
mains fill the liquid. Thus, the number of NB molecules
in a domain is M =x0

−1= �3.30�0.12�
105 molecules,
occupying a volume VD= �5.65�0.20�
104 nm3

= �38.4�0.5 nm�3. The radius of spherical domains with
volume VD is R=23.8�0.3 nm. This domain size estimate
is 10% larger than the previous estimate22 due mostly to the
differences in the S /B data.

The time scale for domain motion is experimentally de-
termined as the relaxation time = �2��0�−1 and will be some
function of the domain size. One model for the domain size
assumes that the domain volume tends to a constant limiting
value V→VD for x�x0 and becomes inversely proportional
to x for dopant concentration x�x0. An explicit expression
for the assumed domain size variation is

V�x� = VD�1 + x/x0�−1. �3�

This volume dependence is consistent with a model where
each TfA molecule dissociates to form a triflate ion
�CF3SO3

−� that induces and stabilizes a domain. It is further
assumed that the polarization direction of the domain is de-
termined by the position of the triflate ion, and that the do-
main polarization reorients to follow the triflate ion as it
diffuses around. Then the time scale for domain orientation
fluctuation is the time it takes for the triflate ion to diffuse a
distance equal to the domain radius R. Since �R2 for dif-
fusion, and R�V1/3, the broadening of the VH spectral spike
due to this motion will be �0�−1�V−2/3. The function with
this form obtained assuming Eq. �3� for V�x� is just Eq. �2�,
which is seen to be a good fit to the data for �0, as shown in
Fig. 1�b�. Using m=2.9 �s and R=23.8 nm, one estimates
the diffusion coefficient R2 /m=2.0
10−10 m2 /s for the tri-
flate ion in NB. This value falls near the range for other
anions in NB. For comparison, the diffusion coefficient is
2.6
10−10 m2 /s for BF4

− in NB �Ref. 29� and 5.7

10−10 m2 /s for HSO3F− in NB,30 estimated from conduc-
tivity measurements using the Nernst–Einstein equation.
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FIG. 1. VH HRS measurements for NB-triflic acid solutions plotted vs
trifilic acid mole fraction x. The present measurements, given in Table I, are
shown as open circles, and the previous results �Ref. 22� are shown as
crosses. The solid curve in �a� is the fit of Eq. �1� to the spike intensity S /B,
while the solid curve in �b� is the fit of Eq. �2� to the spectral width �0. The
dashed curve in �b� is a plot of Eq. �4�, and the dotted curves in �a� and �b�
are obtained by fitting Eqs. �5�–�7� to the data.
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An alternative model for the domain motion is orienta-
tional diffusion of the domain as if it were a rigid spherical
particle.31 In this case

�0�x� = �kT/2��VD��1 + x/x0� , �4�

where �=1.78
10−3 N s m−2 at T=300 K is the viscosity
of liquid NB �Ref. 32� and �0�x=0�=kT /2��VD=6.6 kHz is
the predicted minimum linewidth. The prediction of this
model is shown as the dashed curve in Fig. 1�b� and it clearly
does not fit the data. However, this model can be made to fit
the data if one does not assume complete ionic dissociation
of triflic acid in NB, so that the mole fraction x� of triflate
ions is given by

x� =
K

2
��4x

K
+ 1�1/2

− 1� , �5�

where x is the mole fraction of TfA added to the NB and K is
the dissociation constant. Then S /B and �0 as functions of x�
are given by

f�x�� = �S/B�max� �x�/�x� + x0��� , �6�

�0�x�� = �m� �1 + x�/x0�� . �7�

The dotted curves in Fig. 1 show the fit to the data for this
model with coefficients �S /B�max� =0.378�0.004, x0�
= �3.05�0.09�
10−6, �m� =29�9 kHz, and K= �1.3�1.1�

10−4�
9.8 M=1.3�1.1 mM�. The curves for S /B given
by Eqs. �1� and �6� are almost indistinguishable, but the
curve for �0 given by Eq. �7� does not fit the data as well as
Eq. �2�. The result �m� =29 kHz�m� =5.5�1.7 �s� is consis-
tent with orientational diffusion of an effective reorienting
volume four times smaller than VD �15 nm hydrodynamic
radius�. The dissociation constant for CF3SO3F in NB has
not been measured but the value 1.3 mM estimated here is
comparable to the measured values for other strong acids and
their salts. The ionic dissociation constant in NB is 20 mM
for �CH3�4NSO3F, 0.5 mM for �C6H5�3CBF4, and 6 �M for
HSO3F.29,30 A measurement of the dissociation constant for
TfA in NB would decide between the alternative models for
domain orientation fluctuations.

In summary, although the observed scattered light signal
comes from the NB molecules, dissolved ions and not the
direct dipolar coupling of the NB molecules appears to exert
the controlling influence on the polar domain size and fluc-
tuation time scale. Two models based on ions dissolved in
NB are able to account for the spectral broadening function
measured in the present experiment. Furthermore, polar do-
mains indicated by the VH spike appear to vanish for pure

NB. If this is true in general it erases the apparent discrep-
ancy between simulations17,18 and experiment19–22 for dipolar
liquids since then both would agree on the absence of polar
order in the pure liquid. This raises the question as to
whether the VH spike observed in other dipolar liquids will
vanish when they are de-ionized, and whether the VH spike
can be induced in all other dipolar liquids by dissolved ions.
The organization of the molecules in these polar domains
remains to be determined.
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