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A strong optical birefringence is observed when applying a small amplitude oscillatory strain to the

liquid phase of a liquid crystal. This unpredicted birefringence is found to oscillate at the same

frequency as the driving frequency, with frequencies down to 0.01 Hz. This birefringence is visible

up to 15 �C above the liquid crystal transition. This opto-dynamic property is interpreted as a result

of a coupling of the orientational pretransitional fluctuations existing in the isotropic phase and

long range elastic interactions recently identified in liquids. The conversion of the mechanical

wave in an optical response is shapeable. Two examples of synchronized periodic signals are

shown: the sine and the square waves. The optimization of the signal is analyzed using a

Heaviside-step shear test. This optical property is immediately exploitable to design low energy

on/off switching materials. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4929321]

In liquid crystal (LC) displays, the tunable optical proper-

ties originate exclusively from the reorientation of the liquid

crystalline domains. This is usually achieved by applying

external fields as electric, magnetic, or mechanical fields.1 No

tunable properties were found at temperatures above the liquid

crystal phases, i.e., in the isotropic phase. This phase is con-

sidered as an ordinary liquid.2,3 Here, we reveal that the iso-

tropic liquid is also convertible into an optically active

material when it is stimulated at the sub-millimeter scale with

a low frequency mechanical strain. These experiments sup-

pose that a dynamic coupling exists between the pretransi-

tional fluctuations (clusters of molecules with identical

directions coexisting within the isotropic phase) and elastic

properties uncovered at low frequency (typically below the

Hz) in various liquids.4–9 This strategy is efficient since a

strong and reversible optical response is highlighted in the iso-

tropic phase upon a low frequency low strain mechanical so-

licitation. This strain-induced optical birefringence is visible

up to 15 �C above the isotropic transition and has the advant-

age of producing a true black phase between crossed polar-

izers in its inactivated state. This effect is synchronized with

the excitation. Identified in the isotropic phase of several liq-

uid crystalline fluids, this unknown effect is likeky generic

property. We illustrate the emergence of optical birefringence

in the isotropic phase on the non-exhaustive basis of a low

molecular weight liquid crystal polymer (LCP95) in use for

LC-displays in its liquid crystal phase.10 This molecule exhib-

its a particularly strong optical signal in the isotropic phase.

We first present optical signals displayed at different strain

amplitudes and different temperatures in the isotropic phase.

Three different birefringence regimes are identified by

increasing the strain amplitude: in-phase with the strain, in-

phase with the strain-rate, and anharmonic optical signals. A

Heaviside-step shear test completes the analysis and enables

to define the experimental conditions for which this elastic op-

tical response is dynamically stable and robust. Two examples

of periodic signals (sine and square) illustrate the optical

response to low frequency mechanical stimuli.

The sample (LCP95) is a 12 repetitive units acrylate

backbone crafted with cyanobiphenyl ended side chains

linked by a propyl spacer presenting an isotropic-smectic

transition at TSAI¼ 79.8 6 0.05 �C. Its hydrodynamic radius

determined by Light scattering is 1.4 nm. The isotropic phase

exhibits the thermodynamic (Fig. 1(a)), conventional rheo-

logical (Fig. 1(b)), and symmetry characteristics of a simple

liquid. This first order transition is resolved within 60.05 �C
with an order parameter vanishing at the transition. The opti-

cal measurements are performed in transmission mode under

crossed polarized microscopy (Olympus BX60). Oscillatory

and step shear motion were applied using a home-improved

CSS450 Linkam cell (temperature gradient < 60.05 �C)

equipped with quartz plate-plate fixtures. The incident wave-

length was k¼ 614 nm. The transmitted intensity I was nor-

malized to the uncrossed polarizer intensity I0 and the

averaged birefringence Dn is calculated using the transmit-

tance: I
I0
¼ sin2ðhDni ep

k Þ, where e is the gap thickness. A trig-

ger device (by R&D Vision, 10�9 s synchronization delay)

measures simultaneously the strain amplitude and the trans-

mitted intensity by using two individual CCD cameras (80

fps, Vision Technology) (Fig. 1(c)).

In a first series of experiments, the mechanical excitation

is effected by applying a weak oscillatory strain stimulus at

low frequency (typically from 0.01 Hz up to 2 Hz), i.e., close

to equilibrium conditions. The input wave is a sinusoidal

strain wave: cðtÞ ¼ c0 sinðxtÞ of angular frequency x and

strain amplitude c0 defined as the ratio of the displacement

length Dl to the sample thickness: c0 ¼ Dl
e . Fig. 2 illustrates the

optical response of the isotropic phase to a 0.5 Hz oscillatory

excitation at þ1 �C above the SAI transition. The photo snap-

shots at the top of Fig. 2 correspond to the true colors emerg-

ing from the isotropic phase during the periodic solicitation.

The optical birefringence indicates that a long range orienta-

tion of the molecules establishes. The isotropic phase is thus

optically active as soon as the lowest frequencies, a property

unknown in physics of liquid crystals above the phasea)Email: laurence.noirez@cea.fr
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transitions. The analysis of the signal reveals that the optical

birefringence wave is harmonic with the input signal and can

therefore be modeled by a sine wave: DnðxÞ ¼ nmax sinðxtþ
uÞ with u the phase-shift. For the applied shear frequency and

a strain amplitude of c0¼ 10%, the signals almost superim-

pose with the strain rate
@c tð Þ
@t ¼ c tð Þx. Similar optical signals

are obtained for various low strain amplitudes and different

temperatures up to 15 �C above the transition. The closer to

the transition temperature, the more intense is the birefrin-

gence confirming the coupling to pretransitional fluctuations

that melt by increasing the temperature. Fig. 3(a) displays the

evolution of the birefringence (peak values) versus strain am-

plitude at þ1 �C above the SA-I transition. The examination of

the strain dependence of the optical signal indicates three

regimes. At very low strain amplitudes (c0� ccrit � 4 6 1%),

the optical signal is hardly detectable and is in-phase with the

strain (inset (1) of Fig. 3(a)), i.e., in-phase elastic behavior.

Above this weak critical strain amplitude (4%< c0< 30%),

the birefringence increases linearly with strain amplitude.

This linearity with the strain parameter is observed on all

probed temperatures (Fig. 3(b)) confirming the direct depend-

ence on the strain parameter. In this regime, the optical signal

is nearly in-phase with the strain rate (inset (2) of Fig. 3(a))

with a phase shift close to 10�. At higher strains (c0> 30% at

þ1 �C), the peak value of the birefringence does not evolve

anymore (plateau values). The optical signal does not relax to

the baseline between two successive periods (inset (3)), and

the shape of the wave is splitted indicating the generation of a

second harmonic and possibly a third harmonic of half period.

The further increase of the strain amplitude generates the

superposition of multiple harmonics giving rise to an apparent

continuous-like birefringent signal whose asymptotic value is

the flow birefringence (inset (4)). The conditions are equiva-

lent to a steady state flow whose effects are already

known.11–14 In contrast to these far out-of-equilibrium condi-

tions, at low frequency and low strain amplitude, the isotropic

phase is close to an equilibrium state where no mechanical

coupling is expected (the lifetimes s of the pretransitional

fluctuations determined by Kerr effects are of the order of

s� 10�9 s for rod-like liquid crystals15 down to s� 10�4 s for

liquid crystal polymers16). In the low frequency harmonic re-

gime (where the sine wave is conserved), a reduced dynamic

birefringence Dn*¼ Dn
c0�ccrit

, can be defined by renormalizing

the birefringence by the reduced strain value c0 � ccrit. ccrit

defines the frontier separating the very low strain regime

where the birefringent signal is weak and in phase with the

applied strain wave from the strain regime where the optical

signal is in phase with the strain rate and increases rapidly

with the strain. In the second regime (above ccrit), the evolu-

tion of the reduced birefringence Dn* highlights a strain re-

gime where the dynamic birefringence is independent of the

applied strain amplitude (Figs. 3(b) and 3(c)). Being inde-

pendent of the external stimuli (the strain), this quantity is

linked to an elastic character of the material.

FIG. 1. (a) Differential scanning calorimetry on LCP95 indicates a first order smectic A to isotropic transition at 79.8 �C (data recorded at þ10 �C/min). (b)

Comparison of dynamic relaxation data of the LCP95 in the isotropic phase (TSAIþ 2 �C, e¼ 120 lm, 1% strain amplitude, ARES2 rheometer): On conven-

tional substrate (glass): The shear modulus is not measurable and loss modulus G00 scales with x2 depicting a Newtonian behavior (blue squares (�): conven-

tional glass substrate) and on wetting substrate (red circles (�): alumina substrate): the shear modulus (elastic response) G0 dominates at low frequency.7 The

storage modulus G0 dominates indicating a low frequency elastic behavior. (c) Optical setup: The isotropic phase fills the gap between two fixtures and is

observed between crossed polarizers with a microscope (magnification lens: �100). The upper fixture moves backward-forward with a tens microns scale os-

cillatory amplitude. A trigger device enables the simultaneous measurement of the optical signal and the movement by 2 individual CCD cameras.

FIG. 2. Photo snapshots of the transmittance and corresponding birefrin-

gence (at k¼ 614 nm) emerging upon a low frequency mechanical oscilla-

tion (x¼ 0.5 Hz) in the isotropic phase at T�TSAI¼þ1 �C (sample

thickness e¼ 250 lm and c0¼ 10%, the photographs are recorded between

crossed polarizers). Corresponding input strain rate (grey continuous sine

line ____) and induced birefringence (data points: black squares, �, sine

model fit). The birefringence is in-phase with the strain rate (phase shift

about u¼ 7�).
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A second series of mechanical measurements consists in

probing the optical response of the isotropic phase to a

Heaviside step excitation.17 This step excitation allows the

determination of the conditions of optimization of the trans-

fer function from the mechanical motion to the optical

response.18 It gives a condensed overview of the expected

dynamic behavior (even if the cutoff frequency is not experi-

mentally accessible). This test is carried out experimentally

by applying a sudden constant shear rate at t0. A detailed

illustration of the time-dependent evolution at a low shear

rate of 3 s�1 is found together with the step function in Fig.

4(a). Different shear rates have been tested indicating a simi-

lar behavior (inset of Fig. 4). The highest birefringence (opti-

mized gain) found before the development of instabilities is

obtained at around: _c¼ 30 s�1. In terms of signal processing

theory, the response to the Heaviside step function can be

considered to be of first order and therefore modeled by

Dn tð Þ ¼ Kð1� e�
t
s), with soff the cutoff time and K the gain.

As a response to the step function, the birefringence rises

exponentially with corresponding cutoff times soff lower

than 200 ms before saturating. The latter is the maximal in-

tensity that can be obtained for a specific excitation. s and K

indicate how fast and how much the liquid is able to respond

instantly to the sudden signal. The cutoff frequency is xc.o.

¼ 1
of f
ffi 20 Hz. It is the maximum frequency value above

which the signal starts to attenuate. In analogy with elec-

tronic filters, the birefringence behavior is similar to a capac-

itor and a resistor in series,18 i.e., a low-pass filter. Below

FIG. 4. (a) Input step function (grey continuous line, ___) and birefringent signal (data points: blue circles, �, exponential model fit, blue continuous line,

___) in the isotropic phase at þ1 �C above TSAI for a sample thickness e¼ 250 lm and shear rate dc
dt
¼ 3 s�1. Top of the figure: transmittance during the step

function (photographs recorded between crossed polarizers with a monochromatic incident light). The isotropic phase behaves as a low pass filter with a resis-

tor R and a capacity C. (b) Optical response (data points: blue filled circles, �) synchronized to a sine and a square input strain rate waves (grey continuous

line, ___).

FIG. 3. (a) Strain dependence of the birefringent signal (peak value) in the isotropic phase (T � TSAI¼þ1 �C) at low frequency oscillatory excitation

(x¼ 0.5 Hz, sample thickness e¼ 250 lm) The corresponding oscillatory signals are shown as insets for 4% (1), 10% (2), 30% (3), and 80% (4) strain ampli-

tude. The applied frequency is the same for all insets (x¼ 0.5 Hz) and is represented by the continuous grey curve. ccrit defines the frontier separating the very

low strain regime where the birefringent signal is in phase with the applied strain wave from the strain regime where the optical signal is in phase with the

strain rate and increases linearly up to 30% strain amplitude. Above 30% strain amplitude (inset (3)), the optical signal does not relax and is splitted indicating

the generation of a second harmonic and possibly a third harmonic of half period (fitted by a dashed line), and at higher strains, the generation of multiple har-

monics (4) flatten the signal to an asymptotic value corresponding to the flow birefringence. (b) Invariance of the reduced birefringence Dn/(c0� ccrit) with the

strain amplitude observed at different temperatures: þ1 �C (�), þ5 �C (�), þ7 �C (�), and þ10 �C (D). (c) The superposing oscillatory signals of the reduced

birefringence at þ3 �C above TSAI for various strain amplitudes.
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this cut-off frequency, the output signal stays in-phase in

respect to the solicitation. At low frequencies x < xc.o, the

isotropic phase is therefore supposed to react elastically.

This is confirmed by the harmonic behavior observed in the

oscillatory experiments discussed above.

In conclusion, we have highlighted that, at the sub-

millimeter scale, the isotropic phase of an ordinary liquid

crystal behaves as a low frequency optical oscillator in

response to a mechanical stimulation of frequencies as low as

0.01 Hz. The reversible synchronized birefringent response,

whose intensity is directly linked to the strain amplitude, indi-

cates an elastically driven behavior. The synchronized orienta-

tion of molecules, i.e., the strain field produces a long range

organized material and its relaxation back to the isotropic liq-

uid once the stress is removed indicate that the oscillatory

strain produces a variation of entropy of the system (loss of

entropy (during the orientation) and entropy gain (during

relaxation)). This effect is possible if the pretransitional fluctu-

ations are correlated at the scale of the sample in the isotropic

liquid. In other words, the isotropic phase behaves dynami-

cally as an elastic medium.19 This synchronized birefringence

is coherent with the stress results observed at low strain ampli-

tudes on various liquids indicating an elastic pre-regime exist-

ing at the sub-millimeter scale prior to the conventional flow

or viscous behavior.4–9 This low frequency elastic plateau is

also identified in the isotropic phase of LCP95 as illustrated in

the stress measurements carried out at 0.200 mm on wetting

substrate (Fig. 1(b)) and in agreement with previous results.4–9

Finally, the birefringence induced in the isotropic phase can-

not be interpreted as a surface induced property. Wall or capil-

lary effects rule out since the probed gap distances far exceed

coherence lengths of the order of several nanometers.3,20–22

The birefringence instantly relaxes to its initial state (which

appears black between crossed polarizers) demonstrating that

no preorientation exists but that it has its origin in the reorien-

tation of pretransitional fluctuations that are correlated in an

elastic bulk. In the literature, orientational pretransitional fluc-

tuations of rod-like liquid crystals exhibit lifetimes in the iso-

tropic phase are of the order of s� 10�9 s for the rod-like

liquid crystals,15 necessitating frequencies of the order of 109

Hz to induce a coupling with these timescales. In LCPs, the

orientational pretransitional fluctuations announce lifetimes

lying around s� 10�4 s (Ref. 16) which still demand MHz so-

licitation frequencies. The present study reveals that the iso-

tropic phase responds to a mechanical stimulation down to the

tenth of the Hertz. Therefore, the pretransitional fluctuations

are not free but elastically correlated in the isotropic liquid.

Correlatively, the pretransitional fluctuations serve as a

dynamic optical probe to “visualize” long range elastic inter-

actions in the liquid. Weak intermolecular interactions (of

about several Pa) can thus form a delicate elastic network up

to a macroscopic scale. The interplaying forces are weak, fun-

damentally different from those governing LC-elastomer net-

works23–25 but not negligible at the sub-millimeter scale. The

free energy of the isotropic phase might be approximated by

integrating a term coupling the orientational pretransitional

fluctuations to the strain (at weak strain amplitudes):

F¼F0þ 1=2.G0.c2 � r.c � k�S(c).c, where S is the order pa-

rameter assumed proportional to the birefringence (Sffi 0

without strain), G0 is the weak shear modulus identified in the

isotropic phase4–8 (linked to the Young modulus), r is the

applied stress, and k is a constant coupling the order parameter

to the strain c. This expression indicates that the energy is

lowered under strain via an increase of the order parameter

(birefringence) and thus an entropy decrease. The stress

release produces an entropy gain and a return to the isotropic

state. This mechanism sets the role of long range reversible

(elastic) interactions as crucial in the liquid state. In molecular

liquids, noteworthy theoretical approaches consider a solidlike

continuum26 and even predict the elasticity, at several molecu-

lar length scale27 or even macroscopically, the strength of

which depends on the network size,28 in particular, on the

interactions between molecules.28–30 Finally, this low fre-

quency property consumes little energy (the liquid is stimu-

lated close to its equilibrium state) and can serve as an

excellent basis for LC-displays exhibiting a mechano-

induction from a true black state to a birefringent state

between crossed polarizers.

The authors are grateful to R&D Vision for the trigger

software.
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