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We have obtained the experimental evidence for the Pockels effect of water, which is placed in the electric
double layer �EDL� on the interface between the bulk water and a transparent electrode. The electric-field
induced energy shift was observed for the visible interference fringes in a 300-nm indium-tin-oxide �ITO�
electrode layer. The signal was shown to originate from a negative �positive� refractive index change of water
in the EDL for the positive �negative� bias. The refractive index change was as large as �n=−0.1 for the 2-nm
thick EDL. The Pockels constants of water in the EDL were determined to be r13= �2.0�0.3��100 pm /V and
r33= �2.5�0.6��100 pm /V. At the same time, the ITO showed blue shifts of both the band gap in the UV and
the plasma frequency in the near infrared due to the band population effect in the space charge layer. Both
shifts lead to a negative refractive index change in the visible region of the ITO, but their effect on the
interference fringe shifts in the visible region was estimated to be much smaller than that of water in the EDL.
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A liquid-solid interface provides a field for a large variety
of chemical reactions. Especially, an electric double layer
�EDL�1 of a nanometer scale is formed at the water-electrode
interface and an extremely high electric field is concentrated
there. Since a majority of electrochemical reactions take
place in the EDL, the information and understanding of the
electronic and structural properties of water in the EDL is
vitally important.

The structural properties of interfacial water have been
extensively studied by a surface selective infrared �IR�
spectroscopy2–5 as well as by a surface x-ray scattering.6,7 It
is reported that the water in the EDL has an orientational
order; orientational contribution to the polarizability is
quenched while the vibrational and electronic contribution is
left. As a result, it is expected that the static dielectric con-
stant decreases from its bulk value of 80 to less than 10 and
approaches the value for the bulk optical dielectric constant.1

However, it is not obvious if the optical dielectric constant of
water in the EDL is equal to that in the bulk. Compared to
the structural properties, the optical properties, which reflect
the electronic properties of water in nanospace, are less un-
derstood because of the lack of experimental study. Since it
is difficult to measure the absolute refractive index of water
in nanospace, the practically measurable value is the refrac-
tive index change on the application of an external field. This
is the Pockels effect of water, represented by the coefficient
n1 in the electric-field dependent refractive index n=n0
+n1E+n2E2+ . . . or by the second-order susceptibility of
�ijk

�2��� ;� ,0�.
A large number of studies have been devoted to the third-

order optical nonlinearity of water such as the optical Kerr
effect and electric-field induced second-harmonic
generation8–13 for which an intense electric field is readily

applicable by using laser pulses while there has been no ex-
perimental report on the Pockels effect of water. This is be-
cause a high dc electric field cannot be applied and because
the bulk water has macroscopic centrosymmetry insensitive
to the second-order optical nonlinearity. The study on the
Pockels effect of water is important since it may exploit a
new possibility of water as electro-optic material and a new
sensitive probe for the electronic properties of the water-
solid interface. By applying the external electric field, an
EDL on the water surface and a space charge layer �SCL� on
the electrode surface are formed. Their thicknesses are re-
stricted to a nanometer scale so that an intense electric field,
as high as 109 V /m, is readily applicable. In addition, mac-
roscopic centrosymmetry is broken at the interface to meet
the condition of the second-order nonlinearity. Experimen-
tally, similar attempts known as the electrolyte method have
been performed extensively for electroreflection
spectroscopy,14 but it has been difficult to separate the
electro-optic effect of each layer from the other.

We have recently reported the first experimental evidence
for the effect.15 However, there were several problems left to
be solved. First, the signal expected for indium-tin-oxide
�ITO� in an infrared region was not detected. Second, the
refractive index change of water was estimated to have ex-
tremely large anisotropy. Third, the potential of zero charge
�PZC� of ITO was assumed to be 2 V, but this was not ex-
perimentally confirmed. Fourth, the applied voltage drops in
the EDL and SCL were not estimated precisely. These must
be carefully examined for the solid determination of the
Pockels constants of water. In this Rapid Communication,
we have determined the Pockels constants of water without
leaving the ambiguity in any relevant experimental param-
eters. We successfully reproduced the results by a simulation
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without the need for a large PZC for ITO and showed that
the anisotropy of the Pockels effect is not as large as reported
in Ref. 15.

We used electrodes made of ITO �In2O3 doped with
SnO2� thin films on glass substrates �Geomatec�. The ITO is
an n-type semiconductor and is nearly transparent in the vis-
ible region. Its thickness, resistivity, and carrier density are
300 nm, 1.3�10−4 � · cm, and 1.2�1021 cm−3, respec-
tively. A detailed description of the experimental methods is
given in Ref. 15. One electrode was grounded and an ac
voltage of 2 V �peak amplitude� was applied to the other at
the frequency F=1 Hz. The collimated probe light beam
from a Xe lamp was made s or p polarized by a polarizer to
be incident into the voltage-applied ITO electrode immersed
in 0.1 M NaCl aqueous solution in a quartz cell at various
incidence angles. By the use of the collimated beam, accu-
racy in the polarization dependence of the signal was im-
proved compared to Ref. 15. The transmitted probe light was
detected through a monochromator with a 128-channel
lock-in detection system. For the measurements in the visible
and UV regions, the avalanche photodiodes were used while
in the IR region, an InGaAs photodiode was used with a
single lock-in. All the measurements were performed at room
temperature.

Figure 1�a� shows the transmission spectrum of the ITO
and its first derivative with respect to wavelength. There are
interference fringes which are due to the ITO layer of
300-nm thickness. Low transmission in the near UV and near

IR regions is due to the absorption edge of the ITO16 and due
to metallic reflection caused by the highly doped carriers,17

respectively. Figure 1�b� shows the normalized difference
transmission spectrum �T /T at the normal incidence for the
ITO immersed in the solution. The interference pattern in
�T /T is similar to the first derivative of the transmission
spectrum shown by the thin solid curve in Fig. 1�a�. This
indicates a blue shift of the interference fringes as a result of
a negative refractive index change in the relevant layers for
the positive bias. The dependence of �T /T on the incidence
angle is shown in Figs. 2�a� and 2�b� for both s and p polar-
izations.

One should note that there is a net transmission increase
around 300 nm and a net decrease around 1300 nm. Since
water is almost dispersion free in this wavelength range, the
signals should originate from the ITO. With the positive bias
applied, both the conduction and valence bands bend to the
lower energy at the surface, leading to the increase in the
carrier density in the SCL. The absorption edge then shifts to
the higher energy due to the population increase in the con-
duction band. This is the field-induced Burstein–Moss shift
or the band population effect.18 At the same time, the plasma
frequency should increase in the SCL such that the reflection
edge blueshifts. This is the first experimental observation of
the plasma frequency shift due to the band population effect.
It is known from the Kramers–Kronig relations that both
shifts in the absorption and reflection edges induce a nega-
tive refractive index change in the visible.

We studied the ionic strength dependence of the signal as
shown in Fig. 3. The �T /T signal intensities follow roughly
the �M dependence both for 300 and 800 nm, where M is the
ionic strength. This is because the layer thickness of the EDL
is proportional to 1 /�M such that the electric-field strength is
proportional to �M. Since the signal at 300 nm is considered
to originate from the SCL, the results in Fig. 3 indicate that
the electric-field strength in the SCL is closely correlated
with that in the EDL. Therefore it is difficult to discriminate
the contribution of EDL and of SCL to the visible signal by
the ionic strength dependence.

FIG. 1. �a� Transmission spectrum of the 300-nm thick ITO on
the glass substrate placed in air �thick solid curve� and the first
derivative of the transmission spectrum with respect to wavelength
�thin solid curve�. �b� Difference transmission spectrum normalized
by the transmission spectrum for the ITO in 0.1 M NaCl aqueous
solution at the incidence angle of 	=0°. �c� The results of calcula-
tion with the complex refractive index change for both ITO and
water �thick solid curve�, with only for ITO �thin solid curve�, and
with only for water ��no=−0.1, dashed curve�. Inset: the calculated
spectra from 400 to 800 nm are magnified. �d� The complex refrac-
tive index change ��nITO� of the SCL in the ITO assumed for the
calculation of the thick and thin solid curves in �c�.

FIG. 2. Dependence of �T /T spectra on the incidence angle and
the polarization of light. �a� and �b� Experiments for s- and
p-polarizations incident at 	=0°, 40°, and 60°. �c� and �d� Calcula-
tions with �no=−0.1, �ne=−0.15, dEDL=2 nm, and dSCL=30 nm.
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In order to calculate the light transmittance of a multiply
layered dielectric structure, we adopted the matrix
method,19,20 where both EDL and SCL were approximated to
have a spatially constant refractive index. It was assumed
that without the applied field, there are three dielectric layers
of thick bulk water, the bulk ITO �290-nm thin film� and the
thick glass substrate because we measured the PZC of the
ITO to be within �0.01 V with a potentiostat. With the ap-
plied field, the EDL and SCL are formed at the interface to
yield five dielectric layers. The parameter values used are the
refractive indices nw=1.33 for bulk water, nITO=n+ ik for
bulk ITO as given in Fig. 5�a� of Ref. 15, and nglass=1.52 for
glass; and the layer thickness of dITO=260 nm for bulk ITO,
dSCL=30 nm for SCL, and dEDL=2 nm for EDL. Here, dEDL
�compact layer+diffuse layer� was estimated from the
Debye–Hückel length for 0.1 M ionic strength,21 and dSCL
from saturation behavior of the UV signal for increasing
voltage, details of which will be described elsewhere.

When the normal to the electrode surface is taken as the z
axis, the refractive index ellipsoid of water with the normal
field Ez applied is given by22

� 1

nw
2 + r13Ez��x2 + y2� + � 1

nw
2 + r33Ez�z2 = 1. �1�

The principal values of the refractive index, no and ne �for
ordinary and extraordinary rays�, are related to the Pockels
constants r13 and r33, respectively, as no=nw−nw

3 r13Ez /2 and
ne=nw−nw

3 r33Ez /2. When the light beam is incident at the

angle 	, 1
np

2 =
sin2 
p

ne
2 +

cos2 
p

no
2 for p polarization, and ns=no for s

polarization. Here, 
p is the refracted angle in the EDL given
by nw sin 	=np sin 
p. The refractive index change of water
in the EDL, �no,e=no,e−nw, was assumed to be dispersion
free.

To fit the �T /T spectra in the UV and IR regions, the
complex refractive index change in the SCL due to the band
population effect was assumed as shown in Fig. 1�d�. It is
constructed from the optical susceptibility of multiple
Lorentzians to satisfy the Kramers–Kronig relations. The use

of the Lorentz model as the optical susceptibility change is
validated because the shifts in the band and reflection edges
result in the sharply peaked absorbance and reflectivity
changes, respectively. Moreover, the visible refractive index
change is far off-resonant.

The thin solid curve in Fig. 1�c� shows the result calcu-
lated only with the complex refractive index change in the
SCL. One can see that the calculation reproduces the net
transmission change in both UV and IR regions but it does
not cause a large enough shift in the interference fringes in
the visible. The thick solid curve in Fig. 1�c� shows the cal-
culated results with a negative refractive index change of
water in the EDL added. The refractive index change of wa-
ter which gives the best fit to the experiments is �no=−0.1
and �ne=−0.15. In this way, the observed spectra were well
reproduced both for s and p polarizations for all the inci-
dence angles �see Fig. 2�. By assuming the 1 /�M depen-
dence for dEDL, the ionic strength dependence of the signal
intensity was also successfully reproduced �see Fig. 3�b��.
The deviation from the precise �M dependence that is pro-
portional to the electric-field strength was supported by this
simulation.

In order to determine the voltage applied to each layer,
EDL and SCL, the impedance of each layer was experimen-
tally determined by the frequency dependence of the signals.
The signal intensity increases with decreasing frequency be-
cause of the impedances involved in the equivalent circuit,15

which is the reason why the modulation frequency F
=1 Hz was chosen. From the calculations in Fig. 1�c�, it is
known that the �T /T signals at 315 and 600 nm exclusively
originated from the �complex� refractive index changes in
the SCL and EDL, respectively. Therefore, the impedances
of the SCL and EDL were independently determined by dif-
ferent frequency dependence of the signals at 315 and 600
nm to derive the voltage drops of VEDL=0.85 V and
VSCL=0.15 V.

Finally, we have obtained the Pockels constants of
water from �no,e and the estimated voltage drop as
r33=3.0�100 pm /V and r13=2.0�100 pm /V, where pm
is picometer. The errors were estimated to be within 20%
from the degree of the agreement between the experimental
and calculated curves shown in Fig. 4. Note that the values
are an order of magnitude larger than those for typical
electro-optic crystal LiNbO3

22 �r33=30.8 pm /V and
r13=8.6 pm /V�. At the same time, the Pockels constants
of the SCL of the ITO were also determined to be
r33=r13=1.6�100 pm /V at 500 nm. The estimated layer
thicknesses may contain substantial errors but they have little
effect on the evaluated Pockels constants; the �T /T signal
intensity is proportional to �nd=n1Ed=n1V. For a constant
applied voltage V, the signal intensity divided by V is pro-
portional to the Pockels coefficient, which is not dependent
on d.

There is a possibility that the small oscillatory feature
observed in the p-polarization signal at 	=60° comes en-
tirely from cross-talk of the s polarization due to slight im-
balance in the alignment. This is because for s polarization,
the depth of the interference fringes increases with the inci-
dence angle while it is vice versa for p polarization. If this is
the case, we should take r33=2.0�100 pm /V, complete
isotropy.

FIG. 3. Ionic strength dependence of �T /T signal �closed
squares� at 300 nm �a� and at 800 nm �b� for experiment with 125
nm ITO �1.3�10−4 � · cm and 1.62�1021 cm−3� at normal inci-
dence. The dashed curve shows an appropriately scaled square root
function of the electrolyte concentration. The calculated results
�open circles� reproduce the experimental results better than the
square root function. The results are similar also for 300-nm ITO.
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Let us consider the microscopic origin of the Pockels ef-
fect of water. It was experimentally determined that for the
positive �negative� bias, the refractive index of water de-
creases �increases� in all directions of the optical-field polar-
ization. In addition, water in the EDL at zero external fields
is bulk water in the first approximation. This is because the
PZC of the ITO was measured to be within �0.01 V and the
experimental results were well reproduced with the bulk re-
fractive index in the EDL at zero fields. The model for the
origin of the Pockels effect must be consistent with these
experimental findings.

Let us assume that the effect of the external field is only
to induce an orientational order of water. Then, the polariz-
ability 
ij of the water molecule11,23 can contribute to the
nonlinear optical effect. If water molecules are randomly ori-
ented before the field application, a field-induced
birefringence24 is produced, which is the third-order optical
nonlinearity. The Pockels effect arises only when the interfa-

cial water has some orientational order �broken centrosym-
metry� before field application. Even if this is the case, how-
ever, the refractive index change in one of the principal axes
should be compensated by that in the others such that the
signs of r33 and r13 should be different. Therefore, the purely
rotational effect originating from 
ij is excluded.

It is likely that oxygen atoms in the surface layer of the
ITO interact with water molecules via hydrogen bonding,
although this is beyond the approximation of bulk water at
zero fields. In this case, the average dipole moment of water
is not completely antisymmetric with respect to the polarity
change in the external field. Accordingly, there should exist
some parameter that is correlated with the refractive index
and that changes linearly as the bias voltage is varied from
negative to positive. One of the possible candidates for the
parameter is the density of water. In fact, change in the den-
sity is reported for Ag and RuO2 interfaces.6,7 For both cases,
however, the expected refractive index change does not agree
with the present result. Here, it is suggested that for the posi-
tive bias, the negative charges of oxygen atoms on the ITO
surface may decrease and weaken the hydrogen bond with
water molecules, causing the decrease in the density of wa-
ter, and vice versa for the negative bias.

There are a few more remarks about the origin. The first
hyperpolarizability �ijk of the water molecule or clusters25,26

can contribute to the effect if the centrosymmetry is initially
broken by some orientational order. It is also important to
consider a nonlocal optical response;27 the polarization of
water in the EDL is caused by the electric field in the SCL.

In summary, the Pockels constants of water in the electric
double layer were experimentally determined. They are more
than ten times larger than those for the standard electro-optic
crystal, LiNbO3. The presence of the interface is essential for
the Pockels effect of water so that the Pockels constants will
be a new sensitive probe for the electronic structure of inter-
facial water.

The authors thank Geomatec Co. Ltd. for supplying the
ITO substrates.

*eiji@rs.kagu.tus.ac.jp
1 G. E. Brown, Jr. et al., Chem. Rev. �Washington, D.C.� 99, 77

�1999�.
2 Modern Aspects of Electrochemistry, edited by J. O’M. Bockris,

R. E. White, and B. E. Conway �Plenum, New York, 1997�, Vol.
31.

3 Q. Du et al., Phys. Rev. Lett. 72, 238 �1994�.
4 K. A. Becraft and G. L. Richmond, Langmuir 17, 7721 �2001�.
5 S. Nihonyanagi et al., Surf. Sci. 573, 11 �2004�.
6 M. F. Toney et al., Surf. Sci. 335, 326 �1995�.
7 Y. S. Chu et al., Phys. Rev. Lett. 86, 3364 �2001�.
8 P. P. Ho and R. R. Alfano, Phys. Rev. A 20, 2170 �1979�.
9 B. F. Levine and C. G. Bethea, J. Chem. Phys. 65, 2429 �1976�.

10 J. F. Ward and C. K. Miller, Phys. Rev. A 19, 826 �1979�.
11 G. Maroulis, J. Chem. Phys. 94, 1182 �1991�.
12 P. Kaatz et al., J. Chem. Phys. 108, 849 �1998�.
13 J. Kongsted et al., J. Chem. Phys. 119, 10519 �2003�.
14 K. L. Shaklee et al., Phys. Rev. Lett. 15, 883 �1965�.
15 E. Tokunaga et al., Surf. Sci. 601, 735 �2007�.

16 I. Hamberg et al., Phys. Rev. B 30, 3240 �1984�.
17 Y. Ohhata et al., Thin Solid Films 59, 255 �1979�.
18 N. Bottka et al., Phys. Rev. B 15, 2184 �1977�.
19 M. Born and E. Wolf, Principles of Optics, 6th ed. �Pergamon,

Oxford, 1980�.
20 M. Kobiyama, Theory of Optical Thin Films, 2nd ed. �Optronics,

Tokyo, 2003� �in Japanese�.
21 T. Watanabe et al., Electrochemistry �Maruzen, Tokyo, 2001� �in

Japanese�.
22 A. Yariv, Quantum Electronics, 3rd ed. �Wiley, New York,

1988�.
23 W. F. Murphy, J. Chem. Phys. 67, 5877 �1977�.
24 Y. R. Shen, The Principles of Nonlinear Optics �Wiley, New

York, 1984�.
25 I. Ohmine and S. Saito, Acc. Chem. Res. 32, 741 �1999�.
26 R. Ludwig, Angew. Chem., Int. Ed. 40, 1808 �2001�.
27 K. Cho, Optical Response of Nanostructures: Microscopic Non-

local Theory �Springer, New York, 2003�.

FIG. 4. Comparison between the experimental and calculated
spectra in Fig. 2 for error estimation.
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