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Stress-induced birefringence in the isotropic phases of lyotropic mixtures
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In this work, the frequency dependence of the known mechano-optical effect which occurs in the micellar
isotropic phases (I ) of mixtures of potassium laurate (KL), decanol (DeOH), and water is investigated in the
range from 200 mHz to 200 Hz. In order to fit the experimental data, a model of superimposed damped harmonic
oscillators is proposed. In this phenomenological approach, the micelles (microscopic oscillators) interact very
weakly with their neighbors. Due to shape anisotropy of the basic structures, each oscillator i (i = 1,2,3, . . . ,N )
remains in its natural oscillatory rotational movement around its axes of symmetry with a frequency ω0i . The
system will be in the resonance state when the frequency of the driving force ω reaches a value near ω0i . This
phenomenological approach shows excellent agreement with the experimental data. One can find f ∼ 2.5, 9.0,
and 4.0 Hz as fundamental frequencies of the micellar isotropic phases I , I1, and I2, respectively. The different
micellar isotropic phases I , I1, and I2 that we find in the phase diagram of the KL-DeOH-water mixture are a
consequence of possible differences in the intermicellar correlation lengths. This work reinforces the possibilities
of technological applications of these phases in devices such as mechanical vibration sensors.
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I. INTRODUCTION

Lyotropic liquid crystals (LLCs) are interesting materials
formed by the mixture of amphiphilic molecules in a solvent
at a given temperature and relative concentrations [1]. From the
critical micellar concentration the amphiphilic molecules self-
assemble spontaneously into molecular aggregates known as
micelles [2,3]. The existence of the shape anisometry of these
basic constituents (micelles) is a fundamental characteristic
of LLCs. The mixture composed of potassium laurate (KL),
decanol (DeOH), and water shows a rich phase diagram [4]
with nematic phases surrounded by micellar isotropic phases
(I ) [5,6]. Usually, in the literature, isotropic phases of lyotropic
mixtures do not arouse as much interest as their nematic phases.
However, in the isotropic phases of lyotropic mixtures, an
interesting phenomenon, well known as flow-induced bire-
fringence, occurs [7–10]. This phenomenon has also been
observed in the isotropic phase of thermotropic liquid crystals
[11–15] and sponge phases [16]. Recently, the shear-induced
optical effect in the isotropic phases of liquid crystals has
been reviewed and the elastomeric behavior of the isotropic
phases has been reported [17]. In the case of isotropic phases
of the KL-DeOH-water mixture, as described in Refs. [8,9],
the flow is produced by the falling movement of a flat plate
inside the sample at the isotropic phase. With a polarized laser
beam crossing through the sample parallel to the surface of
the plate, the emergence light from the analyzer is detected.
Another way of obtaining a similar induced birefringence
effect is by subjecting the sample to external mechanical
vibrations. The induced order by mechanical vibrations in the
KL-DeOH-water mixture at the isotropic phase has been ex-
perimentally investigated and interpreted as a resonance effect
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[18,19]. However, a phenomenological approach describing
the frequency dependence of this interesting effect is lacking.

In the present work, our goal is to give a phenomeno-
logical interpretation of the stress-induced effect experimen-
tally investigated in the low-frequency domain. The proposed
approach considers the isotropic phases of the LLC as an
elastic medium formed by damped harmonic oscillators. The
micelles (microscopic oscillators) are connected by “springs”
with the same elastic constant. The microscopic oscillators
have a shape anisotropy and they are permanently in an
oscillatory rotational movement with respect to their axes of
symmetry. This approach showed excellent agreement with
the experimental data for all isotropic phases of the ternary
(KL-DeOH-water) mixtures investigated. The existence of
resonance frequencies in these phases is a strong indication
of the intrinsic oscillatory nature of micelles. In addition,
this fact is further evidence of the hidden elasticity at the
submillimeter length scale in the liquid state, as reported by
Kahl et al. [20,21]. No phenomenological model has been
proposed addressing the frequency dependence (200 mHz to
200 Hz) of this interesting effect that occurs in the isotropic
phases of liquid crystals. Furthermore, our main finding is
to show that the isotropic phases of liquid crystals have an
oscillating microscopic nature that can resonate with external
perturbations. From this work we highlight the strong possi-
bilities of technological applications of these phases in devices
such as mechanical vibration sensors [22,23].

II. EXPERIMENT

A. Samples

The DeOH is from Sigma (p.a.>99%), the KL is synthe-
sized and recrystallized in our laboratory from commercial
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TABLE I. Composition of the samples studied. Here L1 and L2 are lamellar phases observed at low and high temperatures, respectively; I ,
I1, and I2 are isotropic phases; and N is the nematic phase.

KL DeOH Water Molar ratio Phase transitions

Sample (wt. %) (wt. %) (wt. %) C = [KL]

[DeOH]
(mol %) Temperatures (Tc)

I 27.79 6.93 65.28 2.65 L1
Tc=8.8 ◦C−−−−−→ I

Tc=47.0 ◦C−−−−−→ L2

II 27.09 6.69 65.22 2.67 L1
Tc=12.0 ◦C−−−−−→ I

Tc=51.0 ◦C−−−−−→ L2

III 26.66 6.07 67.27 2.96 I1
Tc=22.8 ◦C−−−−−→ N

Tc=44.6 ◦C−−−−−→ I2

lauric acid (Sigma, p.a.>99%), and the deionized and
distilled water is from a commercial deionizer (Quimis,
Model 180M22). Mixtures are prepared, at room tempera-
ture (∼25 ◦C), in previously well-cleaned glass tubes. Each
compound of the mixture is carefully weighed at a 0.005%
accuracy with the following steps: initially adding the desired
amount of KL in the test tube, followed by DeOH addition
and finally the water. The test tube is closed with its screw
tap and sealed with parafilm to avoid changes in the relative
concentration of the mixture due to evaporation. In order to
ensure good homogenization, initially, the sample is homog-
enized by hand and afterward shaken in an electric vibrator
and centrifuged for several minutes to eliminate any bubbles
and foams formed. The process is repeated until the sample
is thoroughly homogeneous. After that, the sample is kept at
rest for a few hours before being used. Before starting the
measurements, all investigated mixtures are in isotropic phase
at room temperature, showing the effect of stress-induced
birefringence. To verify the presence of this effect, the tube
with the desired mixture inside is placed between crossed
polarizers. When the tube is shaken, a strong stress-induced
birefringence can be observed. A polarized light microscopy
(PLM) technique (Microscope Leica, Model DM-LP) coupled
to a CCD camera (DXC-107, Sony) is used to verify the phase
transition temperatures of the samples (Table I). The sample
temperature is controlled by a thermostatic circulating bath.
By PLM technique, it is observed that samples I and II are in
the isotropic phase I in a temperature range of �T ∼ 39.0 ◦C.
Besides that, two isotropic-to-lamellar phase transitions [24]
are observed in these lyotropic mixtures, one of them at low and
the other at high temperatures. Table I shows the relative [KL]
concentrations of each compound of the samples (in wt. %) and
their molar ratios C = [KL]/[DeOH] with [KL] and [DeOH]
in mol %. As pointed in Ref. [19], C values of samples I and
II have been found in the range 2.6 � C � 2.9. For C > 2.9
(sample III), the mixture has a nematic phase between two
isotropic phases. When the lamellar phases, denoted by L1 (at
low temperatures) and L2 (at high temperatures), are reached
their optical textures are characterized by the existence of
bright spots on a dark background. The bright spots in L1

always show a higher optical contrast than those observed at
high temperatures (L2). Sample III shows a nematic phase
N surrounded by two isotropic phases, denoted by I1 and I2,
which are, respectively, isotropic phases below and above the
N phase. When the samples are in the I , I1, or I2 phases their
optical textures are totally dark, which is the typical texture of
the isotropic phase.

B. Experimental setup

The experimental setup (see Fig. 1) is similar that used in
Ref. [19]. The lyotropic mixture is encapsulated in a quartz
container (Hellma) of rectangular section with dimensions
a = b = 12.56 mm and c = 45.0 mm (a, b, and c are parallel
to the x, z, and y axes, respectively). The cell is placed
in a temperature-controlled device (0.1 ◦C stability). The y

axis of the laboratory frame is parallel to the c dimension
of the cell; the x axis is the laser beam (He-Ne, 10 mW,
λ = 633 nm) direction. Aiming at obtaining the results of
light transmittance, the sample, at the isotropic phase, is
placed between cross polarizers oriented at 45◦ to the external
mechanical perturbation direction. A thermostatic circulating
bath (stability 0.1 ◦C) is used to control the temperature of
the sample. The external force is applied to the cell (along
the z axis) by means of a thin rod of aluminum (80 mm long
and 1.6 mm wide). The thin rod is coupled to a loudspeaker
(model EG 102 300W from ETM, Brazil) connected to a
function generator (Stanford DS335). The external signal is
a square wave with an amplitude of 1.1Vrms and frequencies
ranging from 200 mHz to 200 Hz. In this frequency range, the
applied external voltage (from 1.0Vrms to 5.0Vrms) has a linear
behavior with respect to the strain amplitude produced by the
loudspeaker. A Teflon tip at the end of the thin rod is used to
avoid damages to the sample container. The thin rod touches
the cell and promotes the movement of the sample. The entire
experimental setup is on a pneumatic optical table (Newport
RS2000) to avoid spurious mechanical vibrations. Beyond
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FIG. 1. Sketch of the setup used to measure sample transmittance
as a function of frequency: a ‖ x, b ‖ z, c ‖ y, L is the light source,
P1 and P2 are crossed polarizers, α = 45◦, S is the sample; D is the
photodiode, FG is the function generator, LCK is the lock-in, and C
is the computer.
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the analyzer, a photodiode (PIN 1623, New Focus) detects
the light intensity that comes mainly from the stress-induced
birefringence effect. The optical transmittance of the sample is
measured in a rectangular window of the center of the Hellma
cell and about 3 mm below of the air-sample interface. In
order to minimize the signal fluctuations, a lock-in amplifier
(Stanford SR830) is used.

III. RESULTS AND DISCUSSION

The measurements of the optical transmittance induced
by mechanical perturbations in the isotropic phase of a LLC
are performed by using the samples and experimental setup
described in Sec. II B. At first, the quadratic relationship
between the amplitude of the applied external signal and optical
transmittance of the sample is confirmed in the frequency range
used (from 200 mHz to 200 Hz). After that, an amplitude
of 1.1Vrms for the external mechanical signal is chosen. All
investigated isotropic phases are optically transparent and,
as expected, their optical textures are completely dark when
viewed between crossed polarizers. In these isotropic fluids,
due to the well-known shape anisotropy of their basic structures
(bricklike micelles) [1], it is possible to induce birefringence
by velocity gradients or flows imposed on the sample. The time
dependence of the flow-induced birefringence in the isotropic
phases of lyotropic mixtures has been investigated and the
scale of their relaxation process is between 5 and 25 ms
[16]. However, it is also possible to induce birefringence by
means of an applied external mechanical stress on the isotropic
micellar solution. In this work we report a mechanically
induced birefringence in the low-frequency range (0–35 Hz). In
this work, a phenomenological model considering the micellar
isotropic phases as formed by damped harmonic oscillators
is proposed (see Sec. IV). Due to micellar shape anisotropy,
each microscopic oscillator i (i = 1,2,3, . . . ,N) remains in
its natural oscillatory rotational movement around its axes of
symmetry with a frequency ω0i . The system will be in the
resonance state when the frequency of the driving force ω

reaches a value near ω0i . Then when these fluids are submitted
to a periodic external vibration along the z axis, the vector
�n of each micelle that is naturally oscillating randomly will
oscillate only around this preferential direction. The polarizer
direction makes an angle β = 45◦ with respect to the yz plane.
In this way, each microscopic oscillator contributes to the total
optical transmittance of the sample T (ω) measured on the x

axis.
Figures 2 and 3 show the maximum light transmittances

of the isotropic phase I of samples I and II as a function
of external mechanical frequencies at different temperatures.
In Fig. 2, one sharp peak can be observed at the frequency
f = (12.0 ± 0.5) Hz. As expected, this resonance frequency
has no concentration dependence on the relative concentrations
of each sample. However, we note that only for sample
I the number of normal modes increases with increasing
temperature. Due to its proximity to the nematic phase [1,4],
the highest optical transmittance is observed at T = 43.4 ◦C.
In addition, isotropic phases I near the lamellar phase at high
temperatures (L2) always show a higher number of resonant
frequencies (at least four) than those found near the L1 phase
(see Table II). On the other hand, sample III, with isotropic
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FIG. 2. Optical transmittance against frequency of the stress-
induced birefringence in the isotropic phase of the KL-DeOH-water

mixtures for sample I: L1
Tc=8.8 ◦C−−−−−→ I

Tc=47.0 ◦C−−−−−→ L2. Continuum lines
are only guides to the eye. The inset shows the optical transmittance
of the stress-induced birefringence effect in the isotropic phase of
sample I at T = 43.4 ◦C. The solid line is the fit of Eq. (3) by using
N = 35 damped harmonic oscillators. The fit values of the damping
parameter are in the range 0 < γi < 0.4.

phases I1 and I2 surrounded by a nematic phase N , always has
a smaller number of resonance frequencies than those isotropic
phases I surrounded by lamellar phases L1 and L2. By taking
the isotropic phases of the samples displayed in Table II, one
can find f ∼ 2.5, 9.0, and 4.0 Hz as fundamental frequencies
of the micellar isotropic phases I , I1, and I2, respectively. We
observed that at least one resonance frequency in the phase
I1 and four of them in the isotropic phase I2 can be found.
However, in isotropic phases I up to seven vibrational modes
can be found. These resonance frequencies are expected to be
a measurement of the normal modes of oscillations proper to
a rectangular container. As known, at the resonance state the
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FIG. 3. Optical transmittance against frequency of the stress-
induced birefringence in the isotropic phase of the KL-DeOH-water

mixtures for sample II: L1
Tc=12.0 ◦C−−−−−→ I

Tc=51.0 ◦C−−−−−→ L2. Continuum lines
are only guides to the eye.
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TABLE II. Resonance frequencies of the stress-induced birefrin-
gence of LLC mixtures at isotropic phases (I , I1, and I2).

Sample Temperature (◦C) Resonance frequencies (Hz)

I 14.3 2.5 4.2 7.0 12.4
I 14.7 4.3 7.2 12.4
I 43.4 2.4 4.1 7.0 9.5 12.0 15.2 17.5
II 17.2 2.6 4.2 7.0 12.5
II 17.6 4.3 7.0 12.5
II 47.1 2.5 4.2 6.0 9.5 11.9 17.0
III 18.0 9.0
III 21.0 9.0
III 21.5 9.0 18.0
III 46.9 4.0 7.0 9.0 12.0
III 48.5 4.0 7.0 9.0 12.0

applied force and the velocity of microscopic oscillators are in
phase and the rate of energy transfer from the applied force to
the oscillators is maximum [23]. The existence of resonance
frequencies in the isotropic phases of the KL-DeOH-water
mixture is additional strong evidence of the elastic nature of
the micellar solutions [25]. This fact strengths the evidence of
the hidden elasticity at the submillimeter length scale in the
liquid state as recently reported by Kahl et al. [20]. The optical
transmittance behavior as a function of frequency is similar as
those obtained in Refs. [18,19]. However, in these references,
resonance frequencies above 20 Hz have also been observed.
We point out that one reason for this is due to the use of larger
voltages of external signal (Vrms = 5.0 V) than that used in this
work (Vrms = 1.1 V). Another one can be due to small probable
differences in the mass of each molecular aggregate (micelle).
Despite this, we have obtained good reproducibility of the
optical spectrum of the mechano-optical effect for f < 20 Hz.

The inset in Fig. 2 shows the experimental data of the optical
transmittance (mV) of the stress-induced birefringence effect
fitted with Eq. (3) containing N = 35 superimposed damped
harmonic oscillators. The fit values of the damping parameter
are in the range 0 < γi < 0.4. The fits were performed by
using Mathematica® software with an iterative method. Our
approach was applied only to experimental data of sample I
at T = 43.4 ◦C due to its highest transmitted light intensity.
However, we note that this approach obtained excellence
agreement with experimental results.

Figure 4 shows the total transmitted light against the
external mechanical frequency of sample III (see Table I).
This sample have a nematic phase surrounded by two isotropic
phases: one at high temperature, denoted by I2, and the other
at low temperature, denoted by I1. In both isotropic phases
the stress-induced birefringence is clearly characterized by the
existence of peaks in the optical transmittance. One can observe
that in the isotropic phases at low temperatures (T < 22.8 ◦C)
there is only one vibrational mode (f = 9.0 Hz), while at
high temperatures (T > 44.6 ◦C) we have found up to four
resonance frequencies. However, the number of normal modes
at the I1 and I2 phases is less than that found in the I

phase (up to seven). The different micellar isotropic phases
(I , I1, and I2) that have been found by us in the phase
diagram of the KL-DeOH-water mixture are the consequence
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FIG. 4. Optical transmittance against frequency of the stress-
induced birefringence in the isotropic phase of the KL-DeOH-water

mixtures for sample III: I1
Tc=22.8 ◦C−−−−−→ N

Tc=44.6 ◦C−−−−−→ I2. Continuum
lines are only guides to the eye. The inset shows a close-up around
the sharp peak.

of possible differences in the intermicellar correlations length
(l ∼ 10−4 cm [16]).

IV. PHENOMENOLOGICAL MODEL

In order to fit our experimental results, we are proposing
a phenomenological model considering the micellar isotropic
phases as formed by damped harmonic oscillators. In this
phenomenological approach, due to micellar shape anisotropy
(orthorhombic micelles) [1], the oscillators (micelles) are
permanently in an oscillatory rotational movement around their
axes of symmetry. It is assumed that each harmonic oscillator
i (i = 1,2,3, . . . ,N), with mass mi , has natural frequency ω0i .
In this approach we are considering that the displacement of
the micelle is expressed by the coordinate θi and the damping
term γi due to fluid viscosity has a linear relationship with
velocity. By considering an external oscillating applied force
with amplitude F0i , phase δ, and angular frequency ω = 2πf

(with f expressed in hertz), the one-dimensional dynamic
equation of the proposed mechanical model can be written
as [25,26]

d2

dt2
θi(t) + γi

d

dt
θi(t) + ω0iθi(t) = F0i

mi

sin(ωt + δ). (1)

When the frequency of the driving force ω reaches a value
near the undamped natural frequency of the i oscillator without
damped ω0i , each independent oscillator of the sample will be
in the resonance state. In this specific state, the applied force
and the velocity of microscopic oscillators (micelles) are in
phase and the rate of energy transfer from the applied force to
the oscillators is maximum. However, as we known [26,27], in
the resonance regime the average value of the rate of change
of energy d〈E〉

dt
in a period is null. This implies that the average

power supplied by the external force is equal to the average
power dissipated due to system damping [27]. In this way,
the average power 〈Pi〉 transferred to each i oscillator can be

022705-4



STRESS-INDUCED BIREFRINGENCE IN THE ISOTROPIC … PHYSICAL REVIEW E 97, 022705 (2018)

expressed by

〈Pi(ω)〉 = γiω
2F 2

0i

2mi

[(
ω2

0i − ω2
)2 + γ 2

i ω2
] . (2)

In the resonance state (ω = ω0i), the optical transmittance
intensity Ii(ω) will be maximum due to the maximum orienta-
tional alignment reached by each micelle of the solution. The
total optical transmittance of the sample T (ω) can be expressed
by the superposition of the individual intensities Ii associated
with each one of the harmonic oscillators in the steady state as

T (ω) = I1(ω) + I2(ω) + I3(ω) + · · · + IN (ω), (3)

where Ii(ω) = 〈Pi(ω)〉/A and A is the area of the section
illuminated by the laser beam.

V. CONCLUSION

In this work, we investigated the effect of stress-induced
birefringence that occurs in isotropic phases of KL-DeOH-
water mixtures. In order to fit a frequency dependence of
the optical transmittance of this effect, a damped harmonic
oscillator approach was proposed. One could find f ∼ 2.5, 9.0,
and 4.0 Hz as fundamental frequencies of the micellar isotropic
phases I , I1, and I2, respectively. We observed that there is at
least one vibrational mode at the phase I1 and four of them at
the isotropic phase I2. However, at isotropic phases I between

two lamellar phases (samples I and II), up to seven vibrational
modes can be found. These resonance frequencies are expected
to be a measurement of the normal vibration modes proper
to a rectangular container. The proposed phenomenological
model considering the micellar isotropic phases as formed by
damped harmonic oscillators has obtained excellent agreement
with the experimental data. We noticed that differences in the
intermicellar correlation lengths in the isotropic phases can
produce the different micellar isotropic phases I , I1, and I2 of
the KL-DeOH-water mixture. From this work we highlight the
strong possibility of technological applications of these phases
in devices such as mechanical vibration sensors. Furthermore,
the existence of resonance frequencies in the isotropic phases
of the KL-DeOH-water mixture strongly illustrates the oscil-
latory nature of its microscopic basic structures (micelles) in
these phases.
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