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Electric birefringence (EB) of suspensions of anisotropic particles can be considered an elec-
trokinetic phenomenon in a wide sense, as both liquid motions and polarization of the electrical
double layer (EDL) of the particles participate in the process of particle orientation under the
applied field. The EB spectrum can be exploited for obtaining information on the dimensions,
average value and anisotropy of the surface conductivity of the particles, and concentration and
Maxwell-Wagner polarization of the EDLs. It is thus a highly informative technique, applicable to
non-spherical particles. In this paper, we investigate the birefringent response of plate-like mont-
morillonite particles as a function of the frequency and amplitude of the applied AC electric field,
for different compositions (pH, ionic strength, particle concentration) of the suspensions. The
transient electric birefringence (i.e., the decay of the refractive index anisotropy with time when
the field is switched off) is used for estimating the average dimensions of the particle axes, by
modeling it as an oblate spheroid. The obtained values are very similar to those deduced from
electron microscopy determinations. The frequency spectra show a very distinct behaviour at low
(on the order of a few Hz) and high (up to several MHz) frequencies: the α and Maxwell-Wagner-
O’Konski relaxations, characteristic of EDLs, are detected at frequencies above 10 kHz, and they
can be well explained using electrokinetic models for the polarization of EDLs. At low frequencies,
in contrast, the birefringence changes to negative, an anomalous response meaning that the par-
ticles tend to orient with their symmetry axis parallel to the field. This anomaly is weaker at basic
pHs, high ionic strengths and low concentrations. The results can be explained by considering the
polydispersity of real samples: the fastest particles redistribute around the slowest ones, induc-
ing a hydrodynamic torque opposite to that of the field, in close similarity with results previously
described for mixtures of anisometric particles with small amounts of spherical nanoparticles.

1 Introduction
The optical properties of suspensions of non-spherical colloidal
particles can be modified by the application of an electric field.1–3

One of these electro-optical effects is the electric birefringence
(EB), that is, the anisotropy of the refractive index of the suspen-
sion caused by the electrically induced orientation of the parti-
cles. The analysis of EB has been proposed as a suitable tech-
nique for the characterization of non-spherical particles,1–6 as it
is susceptible to provide much useful information not only about
the optical, electrical and geometrical properties of the particles
in suspension, but also about the electrokinetic phenomena tak-
ing place at their interfaces. For instance, Transient Electric Bire-
fringence (TEB), the study of the dynamic response of the sys-
tem, is utilized to examine the size distribution of the particles
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in the sample,2,7–10. Electric Birefringence Spectroscopy (EBS),
the analysis of the behaviour of the birefringence as a function
of the frequency of the applied field, albeit yet incomplete, can
provide exhaustive information about the different polarization
mechanisms of the nanoparticles and their electric double layers
(EDLs).2,5,6,10–13

However, although the foundations of the electric birefringence
have been long-established, the process is hitherto not under-
stood on the whole and cannot yet be considered as a widespread
characterization technique.12,14–16 Thus, microscopic models re-
lating the nanoparticle properties to their macroscopic birefrin-
gent response are to date not completely satisfactory.6,8,12,13 For
instance, only simplified geometries are considered; the effect of
the polydispersity of the sample and the presence of interparticle
interactions are taken into account partially if at all; the effect of
the hydrodynamic torque is normally neglected13 and the con-
tribution of a heterogeneous charge distribution is still an open
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question.13,17,18 Consequently, further research of the topic is
needed, not only from an applied point of view, but also at a
fundamental level.

Similar to other laminar materials, sodium montmorillonite
(NaMt) is a good candidate for the analysis of EB, since these
clay particles are known to possess a non-homogeneous and pH-
dependent charge.19–22 Moreover, it has been found that suspen-
sions of sodium montmorillonite and similar clays exhibit a neg-
ative (anomalous) birefringence,14,23,24 sparking interest in the
phenomenon. The mentioned anomaly consists in the tendency
of the particles to orient under some conditions with their ma-
jor axis perpendicular to the external field, instead of parallel, as
in “normal” EB. In dilute suspensions, negative birefringence has
been recently reported for a variety of materials,10,15,16,25,26 and
in most cases it cannot be explained theoretically inside a classical
framework.

With this motivation, in this article we will focus our atten-
tion on the study of the birefringence phenomenology of sodium
montmorillonite suspensions. Firstly, TEB experiments are per-
formed together with electron microscopy determinations in or-
der to estimate the size distribution of the sample. Thereupon,
an extensive examination of the spectral response of this mate-
rial is carried out in order to study the electrical properties of the
particles and the origin of the anomalous response.

2 Theory

2.1 Electro-orientation of non-spherical particles.

When an electric field E is applied to a colloidal suspension, an
electric dipole is induced on the particles.27–29 If these are not
spherical, their electric polarizability is anisotropic,5,11,13,30 and
for axially symmetric particles, this anisotropy can be expressed
by the scalar quantity ∆αe =αe

b−αe
a , being αe

b(α
e
a) the electric po-

larizability along their major(minor) axis, b and a, respectively. In
general, this quantity is different from zero, and hence, the total
dipole moment induced by an applied field is not parallel to the
latter. As a consequence, it appears an electric torque that tends
to orient the particle with its major axis parallel to the external
field.

In addition, most non-spherical nanoparticles exhibit
anisotropic optical polarizability ∆αo = αo

b − αo
a , due to

their shape and/or their anisotropic crystal structure. Normally,
when the particles are suspended in an electrolyte solution, their
orientation is random and the system is optically isotropic on
a macroscopic scale. However, upon application of an external
electric field, particles orient, giving rise to an anisotropy in the
refractive index of the suspension known as birefringence and
given by1

∆n =
∆αoφ〈P2(cosθ)〉

2nsε0Vp
(1)

where φ is the volume fraction of dispersed particles, ns the re-
fractive index of the suspending solution, ε0 the vacuum permit-
tivity and Vp the particle volume. 〈P2(cosθ)〉 is the average value
of the second Legendre polynomial of the orientational distribu-
tion, which is a measure of the degree of alignment of the parti-
cles with the external electric field.

In this contribution we restrict ourselves to diluted suspensions
of particles with no intrinsic dipole moment and we work in the
low field range, where expansions in power series of E are usable.
In these conditions, and neglecting the viscous forces (which is a
good approximation for high frequency fields12) an explicit ex-
pression of ∆n is available5

∆n =
∆αo∆αeφE2

0
30nskBTVp

(2)

Here kB is the Boltzmann constant, T the temperature and E0 the
field amplitude. The quadratic dependence of the birefringence
on E0 is known as Kerr’s law and allows us to define the Kerr
constant, a magnitude independent of the field strength, as

K =
∆n

λE2
0

(3)

where λ is the wavelength of the incident light beam.

2.2 Transient Electric Birefringence (TEB).

Upon removal of the external electric field, rotational diffusion
due to thermal agitation will randomize the orientation of the
nanoparticles in a finite time. The subsequent decay of the bire-
fringence is expected to be in the form of a simple exponential
for monodisperse samples; for the more realistic case of polydis-
perse samples, however, the relaxation of the birefringence must
be computed as a superposition of independent exponential pro-
cesses. In this manner, under reasonable assumptions, it can be
shown that ∆n(t) presents the shape of a stretched exponential
function8

∆n(t) = ∆n0 exp [−(t/τ)α ] (4)

where τ is a characteristic decay time and α a polydispersity fac-
tor. These two parameters provide an average rotational diffusion
coefficient Θ for the particles in suspension by the relation8

Θ =
α

6τΓ(1/α)
(5)

where Γ is the Euler gamma function.

This coefficient depends on the third power of the particle size,
and therefore its measurement can provide a good estimation of
the size distribution of the sample. The diffusion coefficient is
related solely to the particle’s size and shape, and analytical ex-
pressions are available for simple geometries. In this work we
have modeled our particles as oblate ellipsoids of major axis b
and aspect ratio ρ = b/a. In this case, Θ can be written as31

Θ =
3kBT

16πηa3

[
(2−ρ2)(1−ρ2)−1/2 arctan(

√
ρ2−1)−1

1−ρ4

]
(6)

being η the viscosity of the suspending medium. Making use of
eqns (5) and (6), an estimation of the average particle size can
be calculated from TEB measurements.
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2.3 Electric Birefringence Spectroscopy (EBS).

When the electric field applied to the suspension is alternat-
ing, ∆n can be separated into two spectral components: a time-
independent DC component or steady-state birefringence and an
AC component oscillating with twice the frequency ν of the field

∆n = ∆nDC(ν)+∆nAC(ν)sin(4πνt) (7)

The spectral behaviour of ∆nDC and of ∆nAC furnish information
about different properties of the particles in the suspension. On
the one hand, the amplitude of the AC oscillations decreases with
ν , becoming negligible at a certain value of the frequency of the
applied field. Such value gives an idea of the characteristic time
at which the particles can no longer follow the field oscillations,
and therefore provides an estimation of the particle size.

On the other hand, the spectral behaviour of the DC term is
related to the relaxations of the particle’s dipole, and hence a
thorough analysis of the ∆nDC spectrum is very useful for the
characterization of the electrical properties of the nanoparticles
in suspension. Because the AC component averages to zero over
time, the DC Kerr constant can be defined as

K(ν) =
2〈∆n(ν)〉

λE2
0

(8)

Normally, two relaxations can be observed in the DC birefrin-
gence spectrum of colloidal suspensions, namely, the α and the
Maxwell-Wagner-O’Konski (MWO) relaxations. The α relaxation
is related to the concentration polarization, which is in turn pro-
duced by the different transport numbers of coions and counteri-
ons in the double layer.28 The characteristic frequency for the α

relaxation can be estimated as να ∼ D/R2, being D the diffusion
coefficient of the ions in solution and R the characteristic diffusion
length, of the order of the particle size. If the frequency of the
field is larger than να the concentration polarization mechanism
cannot be established and therefore can no longer contribute to
the formation of the electric dipole. In this case, the dipole is
determined by the MWO polarization mechanism. For spherical
and insulating particles, it has been demonstrated27 that MWO
electric polarizability is the same as that of a conductive parti-
cle with an effective conductivity of Ke f f = 2Kσ/R, being Kσ the
surface conductivity. This is normally the case of colloidal parti-
cles, where the excess of conduction in the EDL can be simulated
as a surface conductivity. If particles are not spherical, the ef-
fective conductivity is different for the two axes, Kb,a,13 being
the relation between them a geometrical factor in the case of ho-
mogeneous charge. For the case of non-homogeneously charged
particles this relation is not geometrically determined.2 This po-
larization relaxes at a characteristic frequency, νMWO, determined
by the particle and medium conductivities and permittivities.27

When ν > νMWO, the free charges in the EDL of the particle can-
not successfully redistribute anymore and only the molecular po-
larization contributes to the dipole formation.

3 Materials and Methods

3.1 Materials

NaMt was obtained from bentonite (Serrata de Níjar, Spain) by
a process of homoionization20 consisting in successive rinses of
the clay with a 1 M sodium chloride solution; surplus ions were
removed by repeated cycles of centrifugation and redispersion in
deionized water (Milli-Q Academic, Millipore, France). The re-
sulting NaMt gel was dried and put aside for sample preparation.

Sodium montmorillonite is a laminar clay with negative charge
on the faces and a pH dependent charge on the edges,19,20 whose
isoelectric point is located at pH 7, a value close to the natural pH
of the NaMt suspensions (6.8). The average dimensions of the
particles were firstly determined by environmental scanning elec-
tron microscopy (ESEM, FEI Quanta 250 SEM, The Netherlands).
This technique allows us to maintain a certain level of humidity
(around 20 % in our case) in the chamber, avoiding particle ag-
gregation. As a result, individual particles can be distinguished,
as shown in Fig. 1a. From this image, the histogram in Fig. 1b is
obtained and the average length (by volume) of the major axis of
the particles is estimated as 1.7± 0.6 µm. In addition, in Fig. 1a
we can see that the particles are planar, and hence, we can ap-
proximate their shape by oblate spheroids.

(a)

(b)

Fig. 1 Geometrical characterization of the clay particles. a) ESEM
picture of a NaMt sample; b) histogram of the largest axis lengths
obtained from a).
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3.2 Methods

The electric birefringence of the suspensions is obtained via the
analysis of the polarization of light after passing through the sam-
ples.4,32 In the experimental setup, a He-Ne laser beam traverses
i) a polarizer at 45◦ to the electric field, ii) the suspension, iii) a
quarter-wave plate whose fast axis is placed parallel to the polar-
izer axis and iv) an analyser at 90◦−α to the initial polarization.
All the optical elements were purchased from Edmund Optics, UK.

The sample is placed in an optically neutral quartz cell of 1 cm
path length (Starna Scientific, UK), thermostated at 15.0±0.2◦C,
and subjected to an external uniform electric field via vertical pla-
nar stainless steel electrodes immersed in it and separated 1 mm.
Sinusoidal electric field pulses (duration of 5 s) in a frequency
range of 1 Hz-10 MHz are sent to the electrodes from a com-
mercial generator (Tektronix AFG 3101, USA). The light intensity
transmitted through the optical setup is collected by a photodiode
(Edmund Optics T59-142, UK) connected to a digital oscilloscope
(Tektronix TDS 2012C, USA). The data acquisition and analysis
are computer controlled. The light intensity I reaching the pho-
todiode at time t is directly related to the birefringence of the
sample, ∆n(t), by33

∆n(t) =
λ

πl

[
arcsin

(√
I(t)
I0

sinα

)
−α

]
(9)

where I0 is the intensity transmitted by the setup when no electric
field is applied and l is the path length. In order to determine the
steady-state birefringence, the plateau region of 1 or 2 pulses is
averaged over time. The stress birefringence introduced by the
cell is subtracted as indicated elsewhere.33

4 Results and Discussion

4.1 General features

In Fig. 2 the birefringent response of a sample of NaMt sub-
jected to electric field pulses is shown. As observed, the shape
of the transient behavior of the DC component is independent
of the frequency of the applied field. Systematic measurements
do not show any dependence on the particle concentration, ionic
strength, pH of the sample, field strength, and pulse duration.
On the other hand, the AC oscillations can only be observed for
the 1 Hz data, being negligible for other presented frequencies.
This can be seen in a more detailed way in Fig. 3a, where the
amplitude of the AC oscillations as a function of the frequency
of the applied field is presented. The oscillations decay strongly
with ν , becoming negligible at a frequency of about 100 Hz. This
behavior indicates that for times shorter than 0.01 s the particles
are not able to follow the field oscillations, which is expected for
micron-sized particles.

Fig. 2 Birefringent response (relative to the stationary DC value) of a
sample of NaMt 1 g/L and 0.3 mM NaCl when subjected to field pulses
of different frequencies, 5 seconds of duration and a field amplitude of
10 V/mm.

(a)

(b)

Fig. 3 EB measurements of a sample of NaMt 1 g/L and 0.3 mM NaCl;
the field amplitude is 10 V/mm. a) Spectrum of the AC component of the
birefringence. The line is a guide to the eye. b) Birefringent response
(relative to the stationary DC value) of the sample when subjected to
field pulses of different frequencies and 5 seconds of duration.

A more precise estimation of the particle size can be achieved
from TEB measurements. In Fig. 3b, the obtained decay of the
birefringence after the field is turned off is presented together
with a fit of the data via a stretched exponential function (eq 4).
From the obtained values of τ and α (374±2 ms and 0.593±0.002,
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respectively), making use of eqns (5) and (6), and assuming ρ =

3, we obtain a diameter of 1.9 µm for these particles. This value
is very similar to the one obtained via ESEM pictures, differing
from it by no more than 20%, a deviation comparable to that
found for other planar particles.10 These results show that, even
though our sample is polydisperse, this method is adequate for
the estimation of the particle size.

In our experiments, Kerr’s law is satisfied in all case for E0 < 11
V/mm. At larger fields, deviation from this law due to saturation
of the birefringence is observed, in agreement with the data re-
ported elsewhere22 where it was found that linearity with E2

0 is
lost above 20 V/mm for similar clays. Hereafter all experiments
are performed with an electric field of 10 V/mm and hence, the
Kerr constant can be properly used.

Fig. 4a shows a typical birefringence spectrum of NaMt. It ex-
hibits a complex structure with different dispersion processes. As
already pointed, if only the electric torque promoted by the exter-
nal field is taken into account, the Kerr constant is proportional
to the polarizability anisotropy (see eq 2), and hence, the disper-
sion in Fig. 4a is a manifestation of the different electrokinetic
processes that contribute to the induced polarization. The theo-
retical expectations are depicted in Fig. 4b for oblate spheroids
with a radius of 800 nm and an aspect ratio of 3, suspended in
0.3 mM NaCl solution. In these and subsequent calculations, the
models used are those in Refs.5,13. Note that, since the polariz-
ability anisotropy is a balance between the polarizabilities along
the main axes, a rise in αb (αa) yields to an increase (decrease)
in ∆αe . A decrease is expected in the polarizabilities in the MHz
range, due to the freezing of the MWO polarization mechanism.
The MWO dipole is promoted by the mismatch between parti-
cle/EDL and medium conductivities and usually takes the same
direction of the applied field, that is, it produces a positive po-
larizability. In the kHz range, in turn, the concentration polariza-
tion beyond the EDL will undergo a strong reduction. Recall that
this phenomenon produces a deformation of the double layer and
separation of the centres of the particles and its EDL cloud, which
gives rise to a negative contribution to the polarizability. Because
of this, the α relaxation brings about an increase of αa,b.

For homogeneous particles (dashed line in Fig. 4b), the polar-
izability along the long axis is usually larger, and hence, ∆αe > 0.
Furthermore, the characteristic frequency of the α relaxation is
mainly dependent on the particle geometry, and is similar for αe

a
and αe

b: from this, the α relaxation manifests as an increase in
∆αe. On the other hand, the characteristic frequency of MWO is
highly dependent on the conductivity, being smaller for the longer
semiaxis b. This means that in the MWO frequency range, αe

b re-
laxes at lower frequency, which manifests in a dip in ∆αe. How-
ever, the most relevant results is the contrast with the case of
non-homogenous charge distribution (solid lines in Fig. 4b). In
this case, there is a decrease in Ka. For this reason, in the MHz
range αe

a relaxes at a lower frequency than αe
b , and the MWO

relaxation appears as a hump in ∆αe.
The features of the electrokinetic predictions in Fig. 4b are in

line with the experimental results of Fig. 4a. In the kHz range
there exists an increase of the Kerr constant which corresponds
to the α relaxation. This increase occurs at a frequency compara-

(a)

(b)

Fig. 4 a) Kerr constant of NaMt suspensions (1 g/L particles, 0.3 mM
NaCl) as a function of the frequency of the applied field. The points are
the experimental data and the line is the electrokinetic prediction. Field
strength 10 V/mm. b) Theoretical predictions for the electric
polarizability along the major (αe

b ) and minor (αe
a ) axes of the particles

and for its anisotropy (∆αe). Two cases are analysed: homogeneous
(Ka/Kb = 0.27) and heterogeneous (Ka/Kb = 0.008) charge distribution.
The particles are oblate spheroids with major semiaxis b = 800 , aspect
ratio b/a = 3 and Kb = 0.25 S/m. Dispersion medium: 0.3 mM NaCl.

ble to that expected from electrokinetic calculations, although the
amplitude of the jump is larger than predicted. This can be under-
stood, since in the kHz range the hydrodynamic torque, not taken
into account in the theoretical calculations, can play an important
role on the orientation of the particles.12 In the MHz range, the
hump and final decay in the spectrum is well reproduced by the
electrokinetic model. In the Hz range the birefringence presents
a negative value that is not predicted by classical electrokinetics,
and as found by other authors working with sodium montmoril-
lonite and similar clays.14,16,23,24,26 Note that the negative values
correspond to an anomalous orientation of the particle, with its
axis of symmetry along the electric field. The characteristic fre-
quency of this process (νc) is located at around 7 Hz.

Some features of the spectrum are similar to those presented
by other planar particles like gibbsite in Ref.10, although the Kerr
constant values and the MWO relaxation frequency are much
higher in the present work because of the larger particle size
and surface conductivity. For example, at 1 MHz, the value of
the electrical polarizability is αe

a = −5.49× 10−28 Fm2 along the
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symmetry axis and αe
b = 2.41×10−27 Fm2 along the particle sur-

face. In this case, the polarizability anisotropy per unit volume,
∆αe/Vp = 3.7×10−9 F/m, is comparable to values obtained else-
where14,22 for similar materials.

From the experimental birefringence spectrum much informa-
tion about the properties of the particles in suspension can be ob-
tained. First, we determined the value of their optical anisotropy,
∆αo = 4.3× 10−33 Fm2. This value corresponds to particles with
a lower refractive index than the one of NaMt (n = 1.5) due to
the swelling of this material:19 sodium montmorillonite particles
absorb water, which lowers their refractive index, thus reducing
the magnitude of the Kerr constant. From the value of ∆αo we
can calculate the refractive index of the swollen particles, and
hence estimate their water content. The obtained value of the vol-
ume fraction, 88% of water, is in agreement with that found else-
where19,34 (90-93%) for the osmotic swelling of sodium mont-
morillonite.

From the electrokinetic predictions we can also obtain infor-
mation about the geometrical properties of the particles in sus-
pension. Note that the degree of swelling does not only affect the
refractive index but also the aspect ratio of the hydrated particles,
in the same proportion. In fact, from the experimental results we
obtain an aspect ratio ρ = 3.3 for the swollen particles. Given the
water content, this corresponds to an aspect ratio of 30 for the
dry particles, a reasonable value for these particles. The obtained
value of the major axis length is 1.6 µm, in good agreement with
the average size obtained from both ESEM and TEB determina-
tions.

4.2 Effects of pH and ionic strength

The birefringent response of sodium montmorillonite is modified
substantially when the pH of the sample is changed, as can be
clearly observed in Fig. 5a. This is an intriguing result, since the
pH alters only the edge charge, which is much smaller than the
surface charge. Note that these results cannot be caused by struc-
ture formation, since TEB experiments confirm that the transient
behaviour is not altered by edge charge variation. Therefore it
can be suggested that indeed the charge distribution plays an im-
portant role on particle electro-orientation.

The effect of the pH on the birefringence spectrum can be in-
troduced in the electrokinetic predictions via the modification of
the conductivity along the particle symmetry axis. The agreement
between the experimental data and the theoretical predictions is
very good for frequencies above 104 Hz (Fig. 5b), where the MWO
dispersion is the predominant contribution. As it can be seen in
Table 1, the pH modifies the particle’s conductivity anisotropy, the
more so at more acid pH, when the edges are charged positively
in contrast with the negatively charged faces. However the ex-
perimental values are always far from the case of homogeneously
charged particles, for which Ka/Kb=0.27.

The conductivity values Kσ are rather large, probably a mani-
festation of the presence of the Stern layer conductivity.29,35,36

The latter comes from the motion of ions (not liquid) in the
stagnant layer, that is, the volume comprised between the solid
boundary of the particle and its slip or electrokinetic plane, which

roughly corresponds to the beginning of the diffuse part of the
EDL. The values presented agree with the estimations of Kσ

obtained using DC conductivity37 and dielectric spectroscopy38

data, reported elsewhere for montmorillonite particles of the
same origin as those used in this work. These authors found
Kσ = 4−6×10−8 S, values comparable to our present data. Con-
cerning the values of effective particle conductivity Ke f f , our re-
sults (Ke f f = 0.05 S/m) are almost identical to those reported in
Ref.37, as expected from the similarities between the samples.

The values of surface conductivity shown in Table 1 are how-
ever larger than those reported by other authors in layered ma-
terials. For instance, values found for the surface conductivity of
kaolinite particles are in the order of Kσ = 0.2×10−8 S.39,40 An-
other example can be found in Ref.41, where a mixture of kaoli-
nite, illite and smectite was analysed and a surface conductivity
of Kσ = 0.25× 10−8 S was reported. In addition, Dozov et al.22

calculated Kσ = 0.5× 10−8 S for beilledite particles. This corre-
sponds to a larger value for Ke f f (15 S/m in the latter case), that
is, to highly conductive particles.

(a)

(b)

Fig. 5 Kerr constant spectra of NaMt suspensions (1 g/L and 0.3 mM
NaCl) for the indicated pH values. a) Complete frequency range; b)
detail of the high frequency region. The points are the experimental data
and the lines in b) correspond to the predictions of the electrokinetic
model. 13

In Fig. 6 the EB spectra for different values of the ionic strength
are shown. The same features as in the previous figures are ob-
served, and a similar analysis provides the surface conductivities
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Table 1 Values of the surface conductivity and charge anisotropy
obtained from the fit of the electrokinetic expressions to the
experimental data. The pH dependence is analysed at 0.3 mM NaCl.
The ionic strength dependence is studied at pH 7

pH Kσ (10−8 S) Ka/Kb
5 4.4 0.003
7 4.0 0.008
9 3.7 0.009
NaCl (mM) Kσ (10−8 S) Ka/Kb
0.1 4.1 0.008
0.3 4.0 0.008
0.6 3.9 0.008
1 3.5 0.008

shown in Table 1. The relation Ka/Kb does not change apprecia-
bly, which is coherent with the fact that neither the edge nor the
face charges are modified by changes in the ionic strength.

4.3 Low-frequency anomalous birefringence
As mentioned, it is remarkable that in the low frequency range
there exists a reversal of the birefringence for all values of the
pH and the ionic strength (Figs. 5a and 6a). Such an effect has
been previously reported for a number of materials,10,14–16,23–26

always for DC or slowly oscillating fields, and cannot be explained
by classical electrokinetic theories.

The features of the anomalous effect for sodium montmoril-
lonite samples can be summarized as follows. First, in Fig. 2 we
observe that the dynamic behaviour is the same in the negative
and positive birefringence regions, Kerr’s law being always ful-
filled. The negative effect is larger for more acid values of the pH
(Fig. 5a), when the edge and face charges exhibit opposite sign.
Regarding the ionic strength dependence, in Fig. 6a it can be seen
that the anomalous birefringence is more pronounced for smaller
values of the salt concentration.

A first hypothesis for the explanation of the negative effect
could be the formation of structures. This can be ruled out since
such phenomenon would lead to a change in the dynamic be-
haviour in the low frequency range, which is not detected. How-
ever, long range particle interactions are still plausible. In order
explore this possibility, we studied the EB spectrum as a func-
tion of particle concentration C. The results are shown in Fig. 7a,
where it can be observed that in the kHz and MHz ranges all
curves collapse to the same values, indicating that the Kerr con-
stant is proportional to the particle concentration. We can thus
consider that the system is dilute and particle interactions can
be neglected in the high frequency range. On the other hand,
in the Hz range K/C depends strongly on the particle concentra-
tion. These results lead to the conclusion that the negative torque
is caused by long-range particle interactions and rule out an ex-
planation based on a single particle phenomenon. In Fig. 7b,
the spectrum of the logarithmic derivative of the normalized Kerr
constant ( 1

C
dK

d logν
) is presented. Here, it can be observed that the

shape of the curve is independent of the particle concentration.
Thus, even though a larger value of the concentration yields a
more pronounced negative effect, the characteristic frequency of
the process does not depend on the volume fraction.

The negative birefringence can have either an electric or hydro-

(a)

(b)

Fig. 6 EB spectra of samples of sodium montmorillonite (1 g/L, pH 7)
with different values of the ionic strength: a) Complete frequency range,
b) zoom in the high frequency range. The points are the experimental
data and the lines in b) correspond to the predictions of the
electrokinetic model. 13

dynamic origin. In the former approach, the existence of a per-
manent23,24 or saturable induced14,25 dipole moment for these
particles has been proposed as possible explanation for this effect.
However, a theory based only on the existence of a dipole of elec-
tric origin perpendicular to the particle surface cannot account
for the concentration dependence found in Fig. 7a. Moreover, the
fulfillment of Kerr’s law is not compatible with the existence of a
saturable induced dipole moment.

In order to explain this concentration dependence, a particle-
concentration induced mechanism that gives rise to an overall
perpendicular dipole moment was proposed in16 to account for
the anomalous orientation of laponite and hectorite. There it
was argued that, for high concentrations, the overlapping of the
EDLs of the edges of adjacent particles diminishes the polarization
along the particle surface, leaving unperturbed the perpendicular
component. At some point, the latter can reach larger values,
leading to a preferred perpendicular orientation. Nevertheless, if
this is the case, the effect should occur whatever the frequency
of the applied field, in contrast to our results. In fact, since the
Kerr constant does not depend on the particle concentration in
the MHz, EDL overlapping can be ruled out as an explanation for
our system. In addition, since the EDL is very thin in our case
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(a)

(b)

Fig. 7 a) Birefringence spectra of samples with 0.3 mM NaCl and
different concentrations of NaMt. The birefringence is normalized to the
particle concentration C. b) Spectrum of the logarithmic derivative of
K/C. The characteristic frequency of the anomalous behaviour (νc = 7
Hz) is indicated in grey.

(around 20 nm), particles would need to be very close for this
effect to occur. Hence, some dependence of the dynamics of the
system with the particle concentration would be expected, but
this has not been found.

The anomalous orientation has also been observed in bidis-
perse systems of non spherical particles (or primary particles, PPs)
and smaller (secondary) nanoparticles (SPs) of different compo-
sition.10,15 This effect is enhanced when the SP concentration
increases, whereas smaller SPs tend to produce this action for a
wider frequency range. The anomalous torque experienced by
the primary particles is subsequently confirmed in these cases
through measurements of the turbidity of the samples for inci-
dent laser light polarized either parallel or perpendicular to the
electric field.42 The explanation for the negative K values was
based on the assumption that in the low frequency range the SPs
distribute themselves asymmetrically around the PPs exerting a
hydrodynamic torque that forces them to orient with their minor
axis along the electric field. Similarly to normal hydrodynamic
torques or electrical ones, the existence of the anomalous torque
should not affect the randomization time, since once the electric
field is switched off, the torque dissapears and the particles disori-
ent through a pure rotational diffusion mechanism. Also, this ef-

fect should occur at low frequency, where an asymmetric particle
distribution, driven by their different electrophoretic velocities, is
possible.

Such possibility is in fact theoretically confirmed in12, where
the author shows that when ions accumulate asymmetrically
around a particle, they can provoke a hydrodynamic torque op-
posite to the electric one, producing an anomalous orientation at
low enough frequencies. In the case of bidisperse systems there
are not slow ions, but the mechanism described in12 is still valid:
the SPs migrate at different velocity than PPs and hence, they
move asymmetrically around the particle provoking the anoma-
lous orientation.

The anomalous effect in15 has several similarities with our ex-
perimental results. Particularly, in our case, the role of SPs can
be played by the smaller size range in the polydisperse sample,
thus explaining the negative effect and the low frequency range
at which it occurs. This explanation is coherent with the absence
of any effect on the relaxation time, as shown in Fig. 2 and with
the enhancement of the anomalous effect with the particle con-
centration, displayed in Fig. 7a. In contrast, the characteristic
frequency at which it occurs depends only on the particles veloc-
ity, and is therefore independent of the concentration, in line with
results in Fig. 7b. The pH dependence is also coherent with this
picture: for acid pHs, the negatively charged faces of the smaller
particles will be more strongly attracted to the positive edges of
the larger ones, enhancing the anomalous orientation. In addi-
tion, increasing the ionic strength will reduce their attraction by
the larger electrostatic screening. This explains the smaller signif-
icance of the anomaly for higher NaCl concentrations (Fig. 6).

5 Conclusions

The analysis described of the birefringence of sodium montmo-
rillonite suspensions demonstrates the positive prospects of this
technique and the amount of information that it can provide on
such complex systems. The frequency spectra of the birefrin-
gence permits the observation of well known relaxations of the
ionic clouds in EDLs, namely, α and Maxwell-Wagner. The use
of classical electrokinetic theories further enables a quantitative
analysis from which the surface conductivity and its anisotropy
(associated to the face-edge inhomogeneous charge distribution)
can be obtained. Interestingly, the low frequency range of the
birefringence spectra shows anomalous negative values, that is,
a tendency of the particles to orient with their faces perpendic-
ular to the applied field, instead of parallel. Such effect is min-
imized at basic pHs (all surfaces are negatively charged), high
ionic strengths (electrostatic screening) and low concentrations.
Comparison with previous data on bimodal suspensions suggest
that this behavior is the result of an additional torque induced by
the interaction between the smallest particles of the size distribu-
tion of the clay and the largest ones. Such interaction necessarily
occurs at low frequencies, where particle accumulation, driven by
their difference velocities, is possible.
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