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Optomechanical effect in vibrating ferroelectric liquid crystal freely suspended films have been
observed. In the experiment the liquid crystal films are doped with a photochromic dye which
undergoes trans-cis isomerization. Photoisomerization induces the change both in a switching
potential of the host liquid crystal and the film surface tension. We observed also a nonlinear
dependence of photoinduced variation of the surface tension as function of the dye concentration.
Such dependence strongly supports the possibility of amplification of photochemical effect in liquid
crystals. The optomechanical effect might be exploited for the remote control of the sensors using
freely suspended films, and more generally for the investigation of the cooperative phenomena in
liquid crystals. © 2003 American Institute of Physics.@DOI: 10.1063/1.1611637#

I. INTRODUCTION

Unlike the standard case of a liquid crystal sample in a
confined geometry, the surface of a freely suspended liquid
crystal film can easily be deformed under the action of weak
acoustic or electric fields.1–5 Such a film is considered as
perfect membrane, whose vibrational motion depends only
on the film geometry, isotropic surface tension and homoge-
neous two-dimensional density~including the inertia of the
air moving with the film!.6–9 Change in any of these param-
eters strongly influences resonant properties of the vibrating
film, for example, the pressure gauge employing freely sus-
pended film was shown to indicate the change of air pressure
by of only 0.5 Torr.3,10 Here we present experimental evi-
dence of so-called optomechanical effect11–14in a freely sus-
pended film made from a ferroelectric liquid crystal~denoted
CS-1029! doped with a photoreactive dye~an azobenzene
derivative, denotedD* 55). In the experiment, we studied
transverse mechanical oscillations of freely suspended films
induced by lateral sinusoidal electric field, the effect being
linear upon the field applied. Exposure of the vibrating film
to UV and VIS light results in a reversible shift of resonant
frequencies due to the photoisomerization process. In addi-
tion, we see the reversible changes of film vibration ampli-
tudes~up to 100%!, which seem to be associated with the
influence of cis-conformers on the magnitude of the sponta-
neous polarization of the ferroelectric film.15–18We observed
also a nonlinear dependence of photoinduced variation of the
surface tension as function of the dye concentration, which

confirms the possibility of amplification of relatively weak
photochemical effect in liquid crystalline media.19

Ultrathin, highly ordered freely suspended films play an
important role in physics of liquid crystals, providing unique
information on the systems of limited dimensionality.20 Con-
trary to the soap bubbles they are very robust and under
appropriate conditions, uniformly thick smectic liquid crystal
films from many hundreds of layers down to only two mo-
lecular layers can be readily prepared and remain stable for
weeks.21 The principal possibility that thin layers may exist
in the form of freely suspended films is related to the pres-
ence in smectic phase of internal forces holding of the cen-
ters of mass of the molecules within a single layer. When the
liquid crystal transforms into nematic phase with chaotic dis-
tribution of the centers mass of molecules in the space or
isotropic phase, the layered structure disappears and the films
lose stability.9 Another remarkable property of smectic film,
important for the purpose of this letter, is that they, similar to
rubber, can be subjected to shear strain or nonhomogeneous
displacement in direction of the layer normal. In the limit of
small displacement, such smectic films can be considered as
elastic membranes in the Rayleigh sense and their transverse
vibrations are governed by the two-dimensional wave equa-
tion, which, for the case of rectangular film and neglect, any
losses have an analytical solution of the form:6
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wherea andb are, respectively, the length and the width of
the film, s is the surface tension,rs5NlrLC1Hrair is the
two-dimensional mass density,N stands for the number ofa!Electronic mail: yoshino@ele.eng.osaka-u.ac.jp
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smectic layers,l is interlayer distance,H is the thickness of
air moving with the film,rLCl andrair are the bulk densities
of the liquid crystal and air. The integern andm denote the
normal modes. In practice, the discrete spectrum of pure
tones is transformed to a set of separated spectral resonant
bands of final width where positions are extremely sensitive
to any changes both film parameters and pressure of ambient
air. In the present work we change the parameters of the
freely suspended film composed of ferroelectric liquid crys-
tal CS-1029 doped with photoactive azobensene dyeD* 55
by UV and VIS light. The appearance of banana-shaped
azobenzene isomers under UV photoexcitation results in the
disorganization of the liquid crystal structure accompanying
with decrease the spontaneous polarizationPs of ferroelec-
tric freely suspended film and surface tensions. The chiral
dye D* 55 was chosen because the UV-light-excited cis-
isomers in its mixture with smectic crystals show an extraor-
dinary long lifetime.22 Therefore, its influence on the film
parameters may be measured even after switching the UV
light off. As liquid crystal we used the commercial ferroelec-
tric liquid crystal CS-1029, which has the advantage of being
in the smecticC* phase at room temperature~Cr @218 °C#
SmC* SmA @85 °C# N* @95 °C# iso!. Use of a ferroelectric
liquid crystal has a considerably simplified a way of excita-
tion of bending vibration in freely suspended film.2–5

II. RESULTS AND DISCUSSION

In our experiment, freely suspended smecticC* films
were formed by drawing the CS-1029 over a rectangular hole
(2310 mm2) in a glass microscope cover slide. The process
of the preparation of the films has been described elsewhere.7

The film thickness was measured by standard reflection spec-
troscopy technique. The films were placed in a thermal jacket
~60.1 °C! equipped with glass window which allowed the
simultaneous illumination of the film by both the probing
beam of He–Ne laser and active light~UV or yellow!. Spon-
taneous polarizationPs of CS-1029 was measured by stan-
dard triangular voltage method (25 Hz,610 Vp-p). It should
be noted that various classical experimental facilities have
been constructed to measure the surface tension of freely
suspended films.23–25 Here, for measuring of the absolute
value of surface tension and its increment we have chosen
resonant method2,3,7 as the most simple and reliable.

For the present work we first recorded the photo-
chromism spectra ofD* 55 in dilute chloroform solution Fig.
1~a!. The dye has a spectrum typical of azo-compounds with
a trans-isomerp-p* absorption maximum atlm5350 nm
and ann-p* absorbtion maximum atlm5450 nm. On the
irradiation of the solution by UV light, the trans-band com-
pletely disappears for about 30 s. The dark relaxation has a
characteristic time of about 10 h, and cis-transformation is
accelerated dramatically by illumination of the solution with
strong yellow light.Ps values of CS-1029 were measured by
the triangular voltage method (25 Hz,610 Vp-p). The values
of Ps of CS-1029 doped with 3 wt % ofD* 55 are plotted as
a function of the temperature in Fig. 1~b!. The magnitude of
Ps ceased at the SmC* – SmA phase transition temperature.
Introduction of 3% azobenzene dye into the liquid crystal

phase lowered the SmC* – SmA phase transition by 3 °C.
After irradiation at 360 nm, the profile changed and phase
transition was further lowered by 7 °C as shown in Fig. 1~b!.

For the excitation of transverse film vibrations we ex-
ploited linear coupling of lateral electric field with the spon-
taneous polarization of ferroelectric liquid crystal.2,3,5 In this
case the azimuthal motion of the liquid crystal director
driven by alternating electric field is accompanied by, so-
called backflow, which induces a viscous stress disturbing
the surface of the film.26 The periodical displacement of the
film surface results in deflection of the probing beam of low-
power He–Ne laser, as shown in the inset of Fig. 2. By
passing the beam through an iris diaphragm, the deflection of
the beam is converted into an amplitude modulation of laser
intensity detected by photodiode. The photodiode response
current is analyzed by a lock-in amplifier tuned to the first
harmonic of the control voltage.

The typical spectrum of the mechanical bending oscilla-
tions of ferroelectric liquid crystal freely suspended film in-
duced by sinusoidal electric field is demonstrated in Fig.
2~a!. One can see, that despite the high volume viscosity of
CS-1029 (h@25 °C#5270 mPa s) the spectrum displays a

FIG. 1. Photochemically induced changes in the bulk properties of guest-
host systems:~a! Trans-cis process of a 100 mg/l chloroform solution of
D* 55 (T525 °C, filter UVD-35, 300–400 nm,P53 mW/cm2). Upon UV
irradiation for 0 min~curve 1!, 30 s~curve 2!, and 6 min~curve 3!; ~b! Ps of
CS-1029 doped with 3 wt % of chiral azobenzene derivativeD* 55 as the
function of the temperature:~j! before irradiation;~s! after irradiation at
360 nm~10 min!; ~n! after irradiation at 450 nm~10 min!. Inset: chemical
structures of trans- and cis-form of chiral dyeD* 55. In the absence illumi-
nation, trans-isomer more stable than cis isomer, but can be converted to cis
form by electronic excitation under UV irradiation. The reverse reaction
proceeds thermally or on illumination with longer-wavelength light.
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pronounced resonant character with rather narrow spectral
bands (Q;15– 20). Actually the narrowness of resonant
bands determines sensitivity of the given method to any ex-
ternal influence.

The influence of UV–VIS irradiation on vibration spec-
tra was studied at room temperature. Figure 2~b! shows the
UV and yellow light induced changes in vibration amplitudes
for three freely suspended films doped with 0.3, 1, and 3
wt % of D* 55. ~For convenience we demonstrate the photo-
induced changes in the vibration motion of the films by the
examples of evolution of appropriate discrete spectral
bands.! The spectral curves~1, 3, and 5! were recorded after
10 min UV illumination of fresh prepared CS-1029 films
with the corresponding concentration ofD* 55 but the curves
~2, 4, and 6! after the subsequent 10 min illumination of the
films with yellow light which returns the system to its initial
condition. The UV illumination results both in decrease of
the vibrational amplitude and in a considerable shift of the
resonance maximum towards lower frequencies. The former
effect can be easily explained by decrease in the viscous
force moment acting onto the surface of the freely suspended
film, due to the decreasedPs value in the sample enriched by

the cis-form, as follows from Fig. 1~b!. On the other hand,
the latter effect at isothermal and isobaric conditions is
caused by a change in surface tension of the membrane. The
photoinduced change in the surface tension, as calculated by
Eq. ~1!, is shown in Fig. 3~a! as a function of dye concen-
tration. The function is clearly nonlinear, in contrast to the
similar concentration dependence for mixtures of simple or-
ganic liquids which are additive at low concentration of dop-
ing molecules.27

It can be shown that the frequency shift observed for
illuminated films is not caused by film heating. Thus, e.g.,
the temperature dependence of surface tension value for pure
CS-1029 presented in Fig. 3~b! shows that about a 20 K
heating of the freely suspended film is necessary, to produce
a 2% change in the surface tension. Such an overheating
should shift guest-host system, e.g., at 50 °C to the paraelec-
tric SmA phase@see temperature behavior of the curve cor-
responding to the trans-form, Fig. 1~b! and was not ob-
served#. More evidence is the relaxation of resonant maxima
@curves 1, 3, and 5 in Fig. 2~b!# back to their initial positions
~curves 2, 4, and 6! during 10 h after switching off the UV
illumination, that corresponding to the characteristic time of
dark cis-to-trans relaxation forD* 55.

Figure 4 illustrates the evolution of mechanical param-
eters of the film induced by cis-trans isomerization. The plots
present changes in amplitude and phase of film oscillations
under illumination with UV and yellow light@Figs. 4~a! and
4~b!, respectively#. Data of Figs. 4~a! and 4~b! correspond to

FIG. 2. Frequency dependence of linear electromechanical effect in ferro-
electric freely suspended liquid crystal films:~a! Typical spectrum of elec-
tromechanical effect in freely suspended film~film size 2310 mm2, CS-
1029 doped with 1%D* 55, N5195, T530.6 °C). ~b! Shift of spectral
bands upon irradiation by UV and yellow light for different concentrations
of dye in CS-1029. cis-curves~1, 3, 5! correspond to illumination of UV~10
min! and trans-curves~2, 4, 6! are taken upon successive illumination by
yellow light ~10 min!. 1, 2, CS-1029 doped with 3% wtD* 55,N5363, shift
of resonanceDn526 Hz; 3, 4, CS-1029 doped with 1%D* 55, N5195,
Dn514 Hz; 5, 6, CS-1029 doped with 0.3%D* 55, N5255, Dn510 Hz.
Inset, framework geometry:~1! freely suspended film,~2! electrodes,~3!
position sensitive detector.

FIG. 3. Influence of different factors on the surface tension.~a! Concentra-
tion dependence of photoinduced variation of the surface tension in the
mixtures of CS-1029 doped withD* 55; ~b! Temperature dependence of
surface tension of pure ferroelectric liquid crystal CS-1029.
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a low temperature of 20.6 °C. The relaxation times of cis-
trans isomerization were measured astUV5470 s andtY

5185 s at that temperature but decreased notably when ap-
proaching the SmC* – SmA transition achievingtUV55 s
and tY560 s at 65 °C. It is particularly remarkable that
change in the amplitude of film oscillations at 65 °C was as
high as 100%, as shown in Fig. 4~c!. We also notice that at
20.6 °C, the relaxation time for the UV-on process is signifi-
cantly larger than that for the back relaxation process. This is
contrary to the commonly observed behavior22 where the
former is faster than the latter, as seen in Fig. 4~c! presenting

complicated two-step relaxation process at 65 °C. At the mo-
ment, such unusual kinetics of UV and yellow light is not
clear and certain to be the subject of special investigations.

III. CONCLUSIONS

In conclusion, an optomechanical effect has been ob-
served and described in freely suspended films of liquid crys-
tals. The reported effect can be used in numerous technical
applications including as, e.g., remote adjustment of the me-
chanical characteristics of the elastic membrane by UV and
VIS light. On the other hand, the effect highlights the funda-
mental problems of condensed matter physics related to the
cooperative phenomena of the soft matter in the two-
dimensional systems.
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