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Investigation of the Soft-Mode Relaxation in a Ferroelectric Liquid Crystal
with Picosecond Laser-Induced Dynamic Gratings
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The relaxation of light-induced tilt-angle changes in a ferroelectric smectic-C* liquid crystal is inves-
tigated with picosecond laser-induced dynamic gratings. Grating buildup and decay is monitored by
diffraction of a cw laser beam. It is shown that reorientation of the liquid-crystal molecules is achieved
by rapid optical heating and follows the temperature rise with a characteristic time constant, depending
on temperature. The observed rise times correspond to the soft-mode relaxation of the order parameter
in a Landau theory describing the smectic-C* -smectic-A phase transition.

PACS numbers: 61.30.Gd, 42.65.—k, 64.70.Md

Investigations about the influence of light on the orien-
tational order of liquid crystals are of interest for both
basic research and applications. Light-induced changes
of molecular orientation and alignment can lead, e.g., to
optical nonlinear behavior [1]1 which may be useful for
phase conjugation, photonic switching, or optical bistabil-
ity, but are also of fundamental interest to study the
(nonlinear) material response to optical fields. As has
been shown previously [2-4], the use of short intense
laser pulses offers the unique possibility to investigate
different transient phenomena in liquid crystals. It was
demonstrated that there is a transfer of energy, linear and
angular momentum from the laser pulse to the liquid
crystal, exciting fluctuations in temperature, flow process-
es, and molecular reorientation which change orientation-
al order and the optical properties of the material. The
corresponding relaxation processes can be monitored, e.g.,
with a weak probe beam.

Recently, a new optically induced reorientation effect
[5] has been proposed and demonstrated using ferroelec-
tric liquid crystals. Optical axis reorientation of 23 deg
has been achieved as a result of optical heating and the
temperature dependence of the tilt angle. The effect has
been used to realize an optically addressed half-wave
plate and opto-optical modulation with low power cw
lasers. The switching times of about 1 ms were deter-
mined by thermal diffusion in these experiments.

In the present paper we report about investigations
concerning the dynamics of light-induced tilt-angle
changes in ferroelectric liquid crystals which have been
performed with short picosecond laser pulses and the
transient grating technique. The investigated tilt-angle
relaxation is not only of practical interest for optical
switching, but also for fundamental research. Since the
tilt angle can be used [6] as an order parameter to de-
scribe the smectic-C*-smectic-4 (SmC*-SmA) phase
transition, the presented method allows time-domain in-
vestigations of the order parameter relaxation and hence
the dynamics of the so-called soft mode in ferroelectric
liquid crystals. Therefore, the applied dynamic grating
technique may be useful in addition to frequency-domain
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dielectric relaxation measurements [7] which are widely
used to study the dynamics of the soft and Goldstone
modes in these materials.

The experimental wave-mixing arrangement is
sketched in Fig. 1. Two excitation pulses of 80 ps
FWHM at =532 nm are obtained from a frequency-
doubled mode-locked Nd-doped yttrium-aluminum-gar-
net (YAG) laser with a symmetric beam splitter. The
two linearly polarized beams are slightly focused to a spot
size of about 400 um diameter with an intersection angle
of 9=1 deg onto the liquid-crystal sample. The excita-
tion pulse energy has been about 100 uJ for the following
results. The intensity grating resulting from interference
of the overlapping beams has a fringe spacing of A
=A/sind =30 um. A thermal grating is formed by weak
absorption of the intensity grating and modulate the opti-
cal properties of the thermotropic liquid-crystal film. The
center of the induced optical grating is probed by
diffraction of a linear polarized weak cw laser beam at
A =488 nm on a spot of 100 um. The first-order dif-
fracted intensity of the probe beam is measured as a
function of time with the help of photodiodes and a fast
real-time oscilloscope. The temporal resolution was be-
tween 200 ps and 2 ns. The polarization of the diffracted
light is analyzed with the help of a polarizer placed into

80ps-pump
532nm

FIG. 1. Experimental arrangement for the investigation of
light-induced dynamic gratings with LC, ferroelectric liquid
crystal; PD, photodiode; E, and E,, optical excitation fields;
E A, optical probe field.
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the signal beam.

The experiments have been performed with surface sta-
bilized smectic films (ZLI 4237-100 supplied by Merck)
of 2 um thickness in a bookshelflike [8] geometry. A
small bias voltage of 9 V is applied across the film via
transparent electrodes to additionally stabilize this geom-
etry and to select one of two possible stable molecular
orientations. The sample is temperature controlled within
+0.1 K.

The director (i.e., the axis of preferred molecular align-
ment) and hence the optical axis is tilted with respect to
the smectic layers in the ferroelectric SmC* phase in-
cluding an angle ® with the layer normal axis. The tilt
angle @ is temperature dependent and can be changed by
optical heating, leading to optical axis reorientation [5].
The response to a short excitation pulse in a dynamic
grating experiment obtained with the SmC* and the
SmA phase of a ferroelectric liquid crystal is shown in
Fig. 2, where the square root of the diffracted probe beam
is displayed as a function of time on a microsecond time
scale. The &-peak-like excitation takes place at 1 =0 in
the graphs. The square root of the signal is proportional
to the optical grating amplitude [9] in the weak grating
approximation and thus displays the dynamics of the in-
duced birefringence changes. The weak grating approxi-
mation is valid here because the diffraction efficiency was
in the range of 1% and less in these experiments.

The undisturbed director was always adjusted to be
parallel to the incident probe beam polarization. The
curves denoted with L and Il in Fig. 2 correspond to the
depolarized and the parallel-polarized diffracted signal
with respect to the incident polarization. Since the
birefringence and the film thickness of the samples are
matched to provide that (ny—n )d =A/2, the square
root of the depolarized signal is proportional to the in-
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FIG. 2. Square root of the diffracted probe beam intensity vs
time after ps grating excitation obtained with the SmA and
SmC* phases of a ferroelectric liquid crystal, |7 —T.| =5 K.
Excitation energy is W, =100 pJ. The index L (Il) corresponds
to the depolarized (parallel-polarized) signal with respect to the
incident probe beam polarization.

duced optical axis rotation and thus proportional to the
tilt-angle changes.

No depolarized signal has been observed in the SmA4
phase (see Fig. 2) because the electrical-field-induced tilt
of the molecules is rather small, and the discussed reori-
entation effect was not proved. The signal shown for the
SmA phase was parallel polarized with respect to the in-
cident probe beam polarization and directly displays the
dynamics of the induced thermal grating. The tempera-
ture modulation mainly affects the optical properties via
density changes in this case and relaxation of the density
is much faster than thermal grating decay [9] which is
determined by heat diffusion, running on a microsecond
time scale.

Clearly, there is a strong depolarized signal in the
SmC* phase, showing a much slower increase and rise
times of a few microseconds or less. This depolarized sig-
nal is a strong indication that the discussed director reori-
entation is excited in the experiments. There is also a
parallel-polarized signal contribution in this phase, which
contains fast density modulations as observed in the SmA4
phase, plus an additionally weak component due to the
axis reorientation. The signal decay is given by mi-
crosecond thermal grating relaxation and an additionally
slower millisecond component which can be attributed to
the relaxation of elastic deformations in the SmC™* phase
as will be discussed below. It must be noted, however,
that for stronger excitation energies (> 100 puJ) severe
distortions and eraseable permanent gratings have been
observed, which has also been reported [3] by other au-
thors.

The rise times of the depolarized signal obtained in the
SmC* phase correspond to the tilt angle relaxation and
hence to the soft-mode relaxation as will be discussed
below. They are temperature dependent and range from
0.7 to 5 us as can be seen in Fig. 3.

The experimentally investigated order parameter relax-
ation and the observed temperature dependence of the
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FIG. 3. Temperature dependence of the evaluated soft-mode
relaxation times. T, is the SmA-SmC* phase transition tem-
perature. The inset shows the reciprocal relaxation times vs
temperature.
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grating rise times can be described by a dynamic equa- kLo _ 3
tion for the tilt angle ® which can be written in a relaxa- LFY] + AT = T)®+ B =0, Q)

tion time approximation as [10,11]

L) -19g _

Y + (NKT) 50 0, (1)
where 1o is a ‘““naked” relaxation time, NV the number
density of molecules, k& the Boltzmann constant, T the
temperature, and g the free energy density. We assume a
Landau-type potential for the free energy where the tilt
angle is used as the amplitude of a primary order param-
eter to describe the (steady state) transition from the low
temperature SmC* phase of reduced symmetry to the
symmetric high temperature SmA phase, which was first
suggested by Pikin and Indenbom [12] and has been sub-
sequently refined by several authors. Flow and flow-
alignment effects are neglected in writing Eq. (1). In
most ferroelectric liquid crystals the SmC*-SmA phase
transition is found to be of second order [6,12], except in
some materials with very large spontaneous polarization,
where it is of weak first order [13]. It is assumed here
that the investigated transition is of second order and g
can be written as

To

g=go+ Laor+ Lppiy 2
2 4 2e0x

— kP®, )

where 4 =A¢(T—Ty), P is the spontaneous polarization,
and y is the dielectric susceptibility. Ao, B, and k are
constants. The free energy of the high temperature phase
T > Ty corresponding to ® =0 is denoted by go. Terms
considering the helical winding of the SmC* phase, the
elastic free energy, the flexoelectric effect, and higher or-
der correction terms [6] are neglected in Eq. (2) since
their contributions to the free energy are rather small
well below the transition temperature. Further, it was
found that the observed relaxation times do not depend
upon the applied dc electric field, in agreement with pre-
vious results [7] obtained in dielectric relaxation mea-
surements. As a consequence, the dipole energy of the
spontaneous polarization in external electric fields is
omitted from Eq. (2).

The last term of the Landau potential (2) describes a
linear coupling between the spontaneous polarization P
and the tilt angle ®. It should be noted at this point that
the spontaneous polarization in ferroelectric liquid crys-
tals is not driving the phase transition but is a secondary
parameter as a result of the reduced symmetry of chiral
smectic-C phases (so-called “improper” ferroelectrics).

The steady state tilt angle can be calculated by minim-
izing the free energy to give ®eq=[A4o(T,—T)/B]1"2
where T, =T+ gyyx?/2Ay is the phase transition temper-
ature, which is slightly shifted due to the coupling be-
tween P and @ with respect to the transition temperature
To without coupling.

Inserting the free energy (2) into Eq. (1) gives a non-
linear relaxation equation for the tilt angle
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where y=10/NkT has the dimension of viscosity. Assum-
ing a small light-induced perturbation in temperature and
the equilibrium tilt angle, i.e., T=Teq+T(t) and @
=Deq+ D (¢) with T K Teq and ® K P, allows lineariza-
tion of Eq. (3) by neglecting terms with (T ®), ®2, and
&> which results in

y%‘i—’+2A0(T(—Teq)cT>=—Ao¢eqT. 4)
For constant temperatures (T =0) Eq. (4) describes an
exponential relaxation of the order parameter perturba-
tion towards the equilibrium value. The corresponding
relaxation time is temperature dependent and given by

= Y

T AT —Top) for Teq<Te. (5)

If now a light-induced temperature increase 7(z) is

considered, which is due to absorption of the short laser

pulse and optical heating, the perturbation ®(z) is driven

by the right-hand side of Eq. (4) and solutions are given
by the convolution

()= —Aocpeqy-lf_’j(f)exp{— "T" }dt'. 6)

The dynamics of the temperature increase can be calcu-
lated [9,14] with the heat diffusion equation, which in the
present case approximately gives T =Toexpi—1t/7,} for
t =0, where 7, is the thermal grating relaxation time.
As discussed above, this thermal grating relaxation is
displayed in Fig. 2 by the signal obtained with the SmA
phase and 7,, is in the range of several ten microseconds.
Integration of Eq. (6) then yields

& (1) =Dg(exp{—t/1,} —exp{—1/7}), @)

where ®g=—Ao®Peqy "'t7,(z,,—7) "', which is nega-
tive because an increase in temperature decreases the tilt
angle.

According to Eq. (7) the tilt angle follows the rapidly
increased temperature with the time constant 7, Eq. (5),
which is the same as for constant temperatures in the
small perturbation approximation. The relaxation is a re-
sult of molecular reorientation and hence determined by
the viscosity y. The reorientation relaxation is observed
as the grating buildup if 7, > 7 and the rise times of the
depolarized signal directly display the order parameter
dynamics as discussed above. The induced tilt-angle
changes can be estimated from the observed diffraction
efficiencies of, e.g., 0.5% (at W, =100 pJ) to ®=2 deg,
which corresponds to a laser-induced temperature rise of
about 1 K. This temperature rise is in agreement with
thermal grating calculations assuming a nonlinear ab-
sorption coefficient as observed recently [14] in cyano-
biphenyl molecules.
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The observed temperature dependence of 7, which has
been evaluated by fitting Eq. (7) to the experimental
data, agrees very well with the theoretical expression (5)
for temperatures not too close to the transition, con-
firming that the observed effects are due to laser-induced
tilt-angle changes. The viscosity y connected with the
soft-mode relaxation can be estimated with Eq. (5) from
experimental data to y=0.25 kgm ~'s~! assuming
[10,15] that 249 =kN. This is close to the value y' =0.34
kgm ~'s ! given by Merck for the rotational viscosity.

The deviations between calculated and experimentally
observed soft-mode relaxation times in the vicinity of the
phase transition may indicate the limits of the used model
and approximations. In particular, the small perturba-
tion approximation is no longer valid near 7.. Further-
more it is well known that spontaneous fluctuations in the
order parameter are increasing dramatically near the
phase transition, which is not considered in a phenomeno-
logical Landau theory. As a result, the amplitudes of the
signal corresponding to the distinctively excited soft mode
are very small close to 7, and were hard to distinguish
from the relaxation of spontaneous fluctuations. The
evaluated relaxation times are therefore much less certain
than those obtained well below the transition.

The signal decay as described by Eq. (7) is determined
by thermal grating relaxation and heat diffusion mainly,
which in the present experiments is clearly slower than
the order parameter relaxation. As a consequence, the
order parameter is almost in equilibrium with the de-
creasing temperature and 7 cannot be determined from
grating decay. The additionally observed slower mil-
lisecond grating decay times can be explained by the re-
laxation of elastic deformations which are a result of the
optothermal reorientation process. The time constant for
the relaxation of elastic director deformations is giv-
en [1-4] by 7, =¢d?*n?K and can be calculated to
7,=15 ms using parameters like y'=0.34 kgm ~'s 7!
K=525x10"'2 N, and d=2 um in good agreement
with the experimental data.

In conclusion, the dynamics of laser-induced reorienta-
tion effects in a ferroelectric liquid crystal have been in-
vestigated in transient grating experiments using pi-
cosecond excitation pulses. Reorientation in the SmC*
phase has been achieved by rapid optical heating as a re-
sult of weak absorption of the short excitation pulse and
the temperature dependence of the tilt angle. It is shown
that the tilt angle follows the fast temperature rise with
the soft-mode relaxation time which range between 0.7
and 5 us for the investigated ferroelectric liquid crystal,
depending on temperature. The following grating decay
is determined mainly by heat diffusion out of the rather
thin liquid-crystal film via the surfaces of the glass con-

tainer and takes several tens of microseconds. Addition-
ally, relaxation of elastic deformations resulting from
thermally induced molecular reorientation has been ob-
served as the SmC* phase with decay times of 15 ms.

The observed soft-mode relaxation has been explained
with a dynamic model of second-order phase transitions
and the calculated relaxation times are in good agree-
ment with experimental data if the introduced viscosity
connected with the soft-mode dynamics is in the range of
7y=0.25 kgm ~'s 7!, The theoretical temperature depen-
dence of the relaxation time is in very good agreement
with experimental observations for temperatures not too
close to the phase transition.
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