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The electric field of dissolved ions accounts for the narrow spike at zero frequency shift, with the
polarization signature of a polar longitudinal collective mode, in the high resolution hyper-Rayleigh
light scattering �HRS� spectrum for liquid water and other polar solvents. This peak in the HRS
spectrum probes both the structure factor and the fluctuation time for the ion charge density in
solution. The experimental results for KCl–D2O solutions are consistent with the Debye–Hückel
charge structure factor and determine the diffusion coefficient and static local field factor.
© 2009 American Institute of Physics. �DOI: 10.1063/1.3089882�

I. INTRODUCTION

The positions and motions of ions are highly correlated
even in a very dilute electrolyte solution due to the long
range of the Coulomb electrical interaction. The first
successful theory for electrolyte solutions was proposed by
Debye and Hückel,1 and its success in accounting for the
concentration dependence of phenomena such as electrical
conductivity for dilute solutions of simple electrolytes is well
established.2–4 However, dilute solutions of highly charged
electrolytes are still a subject of study,5–8 and although the
ion structure factors at short range are probed by neutron and
x-ray scattering,9,10 there has been no generally applicable
technique which directly probes the long-range ion correla-
tions and dynamics in bulk ionic solutions. As shown here,
hyper-Rayleigh scattering �HRS� can provide such a probe.

The HRS experiment reported here measures the spec-
trum of the light scattered by liquid D2O with dissolved KCl,
near the second harmonic frequency of the incident laser
beam, for the combination of incident and scattered light
polarizations denoted as VH �where V denotes vertical linear
incident-electric-field polarization and H denotes horizontal
linear scattered-electric-field polarization, and the scattering
plane is horizontal�. A narrow spike is observed at zero fre-
quency shift in the VH HRS spectrum but is absent from the
VV and HV HRS spectra, which identifies it as due to a
longitudinal polar collective mode.11,12 This spike had been
observed in the HRS spectra of several dipolar liquids, and it
was at first thought to be related to ferroelectric ordering of
the dipolar molecules.13–16 This work shows that the spike is
due to the electric field of dissolved ions acting on the sol-
vent molecules.

II. THEORY

Consider the electric field of a single ion with charge Ze
dissolved in a polar solvent with static dielectric constant �s,

E� �r�� =
Ze

4��0�sr
2 r̂ . �1�

The electric field of this ion will orient the surrounding di-
polar molecules and break the local centrosymmetry of the
liquid on a spatial scale large compared to the size of the
molecules, inducing a macroscopic second-order nonlinear
optical �NLO� susceptibility in the solvent. An incident light
wave at frequency � polarized � or � to the ion field E�0� will
induce molecular dipoles oscillating at frequency 2� polar-
ized � to E�0�,17
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4
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3kBT
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��� �2f�0�E�0�, �2�

where ��0� is the permanent dipole moment of a solvent mol-
ecule, kB is the Boltzmann constant, f���= �n2+2� /3 is the
Lorentz local field factor at optical frequency �, n is the
solvent refractive index,

f�0� =
�s��� + 2�
�� + 2�s

�3�

is the Onsager static local field factor,18 and �� is the infinite
frequency permittivity.19 Equation �2� will typically be
valid for r�1 nm where the field of the ion is weak
enough so that ��0�E�0� /3kBT	1. The vector components
of the molecular first hyperpolarizability ��−2� ;� ,�� and
the scalar components of the second hyperpolarizability
��−2� ;� ,� ,0� appearing in Eq. �2� are given by sums over
molecule frame tensor components,17
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where the direction of ��0� is chosen as the direction of the
molecular z axis. When the tensor components are invariant
under all permutations of the indices �Kleinman symmetry�,
these expressions simplify to
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Kleinman symmetry is exact in the static limit and is often a
good approximation at optical frequencies. The oscillating
dipoles given by Eq. �2� will radiate second harmonic light
waves.

The HRS wave observed in a particular direction is due
to the Fourier component of the spatially varying material
nonlinear susceptibility that satisfies the wavevector match-
ing �constructive interference� condition k� =2k�i−k� f, where i
and f label the initial and final photon wavevectors. The
macroscopic spatial variation in the NLO susceptibility is
due to the spatial variation in ion field E�0� given by Eq. �1�.
Decomposing this field into plane waves, one sees that the
transverse polarized plane wave Fourier components vanish
by symmetry. The only nonvanishing components of this
field are the longitudinally polarized Fourier sine compo-
nents, with amplitudes

A�k�� =
Ze

�0�s

1

k
. �10�

The VH HRS intensity at 90° scattering angle due to the
longitudinal polar mode induced by a single ion in solution is

I � �
s
1
	2


�� +
��0���

3kBT
�A�k��f�0��2

, �11�

where 
s is the number density of solvent molecules and
1 /	2 is the projection factor which arises since k� is at 45° to
the observation direction.11,12

For comparison, the VH HRS intensity due to randomly
oriented solvent molecules is20,21

I � V
s��XZZ
2 
 , �12�

where V is the sample volume and the constant of propor-
tionality is the same as in Eq. �11�. The mean square labora-
tory frame hyperpolarizability ��XZZ

2 
 is the sum of first rank
�vector� and third rank �octupolar� irreducible spherical ten-
sor contributions, and also contributions of mixed symmetry
which vanish when Kleinman symmetry holds21
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Expressions in terms of molecule frame Cartesian compo-
nents for molecules of C2v symmetry are20–22

���1��2 = 3
5 �A + B + C�2 = 5

3��
2, �14�

���3��2 = 1
10�2A − 3B − 3C�2 + 3
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��2�ms�� = − �A + B + C��D + E�

+ 87
105�D + E�2 + 1

2 �D − E�2, �16�

where A=�zzz, B= �2�yyz+�zyy� /3, C= �2�xxz+�zxx� /3, D
= ��yyz−�zyy�, and E= ��xxz−�zxx�. In the case that �zzz is the
only nonvanishing tensor component ��

2 / ��XZZ
2 
=7 /5, while

in the case that Kleinman symmetry holds and the octupolar
contribution vanishes, one has ��

2 / ��XZZ
2 
=3.

In a sufficiently dilute solution the ion positions and the
relative phases of the scattered waves due to the individual
ions are random, so the total scattered intensity is the inco-
herent sum of the single ion contributions. For a symmetric
electrolyte the intensity given by Eq. �11� is multiplied by
V�
++
−�=2V
, where 
+ and 
− are the number densities of
+ and � ions, respectively. In a more concentrated solution
the ion positions are correlated, and the Debye–Hückel
theory gives the charge structure factor

S�k�� =
k2

k2 + KD
2 , �17�

where

KD
2 =

2
Z2e2

�0�skBT
�18�

is the Debye–Hückel screening parameter.23,24 Combining
Eqs. �10�–�12� and �17� gives an expression for the ratio of
the VH HRS spike intensity �S� to the background intensity
from the randomly oriented solvent molecules �B�,

S/B =


sZ

2e2

k2 + KD
2 � f�0�

�0�s
�2 ��� + ��0���/3kBT�2

��XZZ
2 


. �19�

Ignoring the 
 dependence of 
s, �s, and f�0�, this expression
may be written in the form

S/B = �S/B��


/
D

1 + 
/
D
, �20�

where


D =
k2�0�skBT

2Z2e2 �21�

is the electrolyte density for which KD
2 =k2, and

�S/B�� =

sf�0�2kBT

2�0�s
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��XZZ
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�22�

is the limiting value of S /B at high 
.
Charge density fluctuations cause fluctuations in the

scattered light, and the fluctuation relaxation time scale and
consequent spectral broadening are governed by diffusion of
the ions. For a symmetric electrolyte with ion diffusion co-
efficients D+=D−=D, this exponential relaxation results in a
Lorentzian spectrum �the spike� with linewidth �S�k ,
� given
by23
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where

y = �KD/k�2 = 
/
D. �24�

D for the ions, as experimentally determined from the
equivalent conductivity of ionic solutions using the Nernst–
Einstein equation, has the limiting value D0 at 
=0 and is a
decreasing function of 
1/2.3,4

III. EXPERIMENT

The experimental apparatus and methods to measure the
high resolution VH HRS spectrum are similar to those pre-
viously described.16,25 D2O rather than H2O was used to re-
duce undesired thermal lensing due to absorption of the 1064
nm laser beam in the sample; isotopic purity of all samples
was �99% D. Solutions of KCl ��99% purity� in D2O at
concentrations above 
=0.3 mM KCl were prepared by
weight as in previous work, while at lower concentration 

was determined from the sample conductivity.26–28 De-
ionized and dust-free D2O �66 M� cm at 25.0 °C�26,28 was
prepared using a recirculating loop containing a mixed bed
ion exchange resin, a 0.2 �m particle filter, conductivity
sensors, and the sample cuvette.

The high resolution VH HRS spectrum consists of a nar-
row spike riding on a broad, flat background, from which
one obtains the ratio of integrated intensities for the spike
and the background �S /B�, and the Lorentzian spectral width
��S� for the spike.16,25 The results of the VH HRS measure-
ments for KCl solutions are shown in Fig. 1. The vertical
error bars represent the uncertainties in S /B and �S due to
photon counting statistics �about 2% on the data points down
to 
=7 �M for S /B or 0.3 mM for �S� and other factors
�2%�. Not included in the vertical error bars are potential
errors due to dust which is sometimes present in a sample
�the effect of dust is to increase S /B and decrease �S�. The
variable 
 on the horizontal axis is half the total ion concen-
tration in the sample. The ionic composition of the samples
varies, and the ions in the 37 nM sample are D+ and OD−

from dissociation of the D2O. In the range of 0.5–3 �M, the
ions are K+ and Cl− deliberately added to the sample and D+

and DCO3
− from dissolved atmospheric CO2 introduced

through air leaks in the apparatus �the horizontal error bars
show the full range of 
 consistent with the measured con-
ductivity�. Above 3 �M the ions are K+ and Cl−. The hori-
zontal error bars include 10% uncertainty from the conduc-
tivity sensor calibration for points below 0.3 mM and
represent 2% sample composition uncertainty for points
above 0.3 mM.

Figure 1 shows the curves obtained by fitting Eq. �20� to
the S /B data and Eq. �23� to the �S data. The 
 dependence
of D in Eq. �23� was determined using the measured equiva-
lent conductivity � for KCl dissolved in D2O and the rela-
tion D /D0=� /�0.27 The fit to the data is good except for a
small discrepancy for S /B in the crossover region. This
could be due to the conductivity sensor calibration or a small
excess intensity from dust for those points. The results for
the three adjustable parameters in the fits are �S /B��

=0.667�0.008 �spike intensity limit�, k2D0 /2�
D

=3310�43 MHz /M �slope of the spectral width curve�, and

D=40�8 �M �crossover concentration�.

IV. DISCUSSION

The slope parameter in the spectral width curve may be
expressed using Eqs. �21�, �23�, and �24� as k2D0 /2�
D

=D0Z2e2 /��0�skBT=2864 MHz /M, evaluated using the
material parameter values �s=78.08 for D2O at 25.0 °C,29

and D0=1.656�10−9 m2 s−1 for K+ and Cl− in D2O at
25.0 °C obtained from conductivity measurements.27 Evalu-
ation of the crossover concentration 
D given by Eq. �21�
also requires the experimental scattering wavevector k. As-
suming n532=1.335 and n1064=1.323,30–32 the values 2� /k
=283 nm and 
D=45.3 �M are obtained for 90° scattering
of the 1064 nm laser beam. The experimentally determined
crossover parameter is 12% lower than the theoretical pre-
diction, but agrees to within the experimental uncertainty.
The experimentally determined slope parameter is
16%�1.5% higher than the theoretical prediction, which
suggests that a different D0 is being measured. The theoret-
ical prediction was based on the self-diffusion coefficient
obtained from conductivity measurements, but the relaxation
of charge fluctuations probed in this experiment may instead
be related to the mutual diffusion coefficient. One recent
calculation finds that the ratio of mutual and self-diffusion
coefficients for water molecules in KCl solutions is Dm /Ds

=1.13,33 which is consistent with the observed discrepancy.
However, a different calculation for diffusion of KCl in wa-
ter indicates that Dm /Ds�1.02 over the concentration range
of this experiment,34 so the issue needs further investigation.

The expression for the limiting spike intensity ratio
�S /B�� given by Eq. �22� is evaluated using 
s=55.1 M,27

��=4.49,35 and calculated values for the dipole
moment36 and hyperpolarizabilities37 for D2O molecules
in the liquid: ��0�=2.95 D=9.84�10−30 C m, �zzz

=31.6 a.u., �zyy =10.9 a.u., �zxx=5.7 a.u., ��=9.64 a.u.
=3.09�10−52 C3 m3 J−2, and ��=892 a.u.=5.56
�10−62 C4 m4 J−3. The � contribution is relatively small but
not negligible, 3kBT�� /��0���=0.226, and the vector part of
� is dominant, giving ��

2 / ��XZZ
2 
=2.80. Although � in-

creases 200% going from gas phase to liquid, the ratio

� (M)
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FIG. 1. VH HRS measurements for KCl–D2O solutions at 25.0 °C plotted
vs electrolyte molar concentration 
. The data for S /B and �S are shown by
filled and open circles, respectively. Some error bars are smaller than the
plotted symbols. The solid curve is the fit of Eq. �20� to the spike intensity
S /B, while the dashed curve is the fit of Eq. �23� to the spectral width �S.
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��
2 / ��XZZ

2 
 only increases 4%.37 However, calculated hyper-
polarizabilities are very sensitive to the basis set and corre-
lation treatment, and consideration of other calculations for
the water molecule suggests that the � ratio given above may
be too large by about 11%. The ratios calculated from the
static gas phase results from Refs. 38 and 39 are 8% smaller
than corresponding gas phase result from Ref. 37. The ratio
also decreases a further 3% when vibrational hyperpolariz-
ability terms and frequency dispersion are included.22,39 As-
suming that the result from Ref. 37 for liquid water is an
11% overestimate gives the revised estimate ��

2 / ��XZZ
2 


=2.52 for liquid D2O. Using the local field factor f�0�
=3.15 given by Eq. �3�, one obtains the predicted value
�S /B��=2.36 which is much higher than the fitted value of
0.667.

However, the background intensity measured in the ex-
periment includes the entire HRS spectrum in the 60 cm−1

instrument bandpass, whereas the assumed background in
Eq. �22�, expressed through the factor ��XZZ

2 
, is just the pure
rotational HRS spectrum. The pure rotational HRS spectrum
of water is a 1 cm−1 wide peak, which is surrounded by the
broad spectral wings of the collision-induced spectrum due
to the rapid molecular hyperpolarizability modulation during
intermolecular collisions. Previous low resolution HRS spec-
tral measurements for D2O show that the central 1 cm−1

wide pure rotation peak contributes just 54�6% of the VH
HRS integrated intensity in a 60 cm−1 passband.22 There-
fore, the experimental value that should be compared with
the result from Eq. �22� is �S /B��=0.667 /0.54=1.23�0.14.
This is still 1.92 times smaller than the predicted value of
2.36.

Possible sources for the discrepancy are errors in the
values for ��0�, �, �, or f�0� in Eq. �22�. The effective
molecular property values in the liquid were obtained using
ab initio and molecular dynamics calculations which include
the detailed structure of the molecules and the liquid, while
the Onsager local field factor is based on a continuum model.
If the local field factor is the problem, then one can obtain
agreement between theory and experiment for �S /B�� by re-
ducing f�0� from 3.15 to 2.27. This is consistent with recent
molecular dynamics simulations which find that the usual
Onsager local field factor given by Eq. �3� overestimates the
actual local field factor.40,41 So far there has not been a sat-
isfactory method to experimentally determine the static local
field factor, but the present experiment has the potential to
measure it fairly directly. This is because the electric-field-
induced second harmonic signal sensitive to f�0� in this ex-
periment is calibrated by a second harmonic signal indepen-
dent of f�0� but due to the same property of the same
molecules in the same environment measured at the same
time.

In summary, electric-field-induced second harmonic gen-
eration occurs in ionic solutions due to the electric fields of
the dissolved ions. The resulting scattered light appears as a
narrow peak in the VH HRS spectrum. The intensity and
width of this peak carry information about the long-range ion
correlations and dynamics and hold promise as a means to
experimentally measure the static local field factor in polar
liquids. Based on the present results it is most probable

that the VH spike observed in water,22,42 acetonitrile,13

nitromethane,14,15 and nitrobenzene,16,25 previously attributed
to ferroelectric ordering of the dipoles, is actually due to
ionic contamination. Ionic salts easily dissolve and dissociate
in such strongly polar solvents, and ion concentrations of just
a few micromolars are sufficient to account for the observa-
tions. Measurements on de-ionized solvents would settle the
matter.
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