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Abstract. The transients of Kerr-like optical nonlineari-
ties in various liquid crystals observed with picosecond
light-induced dynamic gratings are discussed. It is shown
that relatively high intensities and strong optical fields of
short laser pulses lead to rapid molecular reorientation,
ultrasound generation, multiphoton absorption, chole-
steric helix deformation and other new phenomena
which are not only of interest for basic liquid-crystal
research but also determine photonic switching times in
liquid crystalline all-optical devices.

PACS: 61.30.v; 42.65.k

The development of high intensity lasers and the discov-
ery of materials with large optical nonlinearities in the
last decades have extended the scope of nonlinear
processes dramatically, resulting in considerable scientif-
ic and also practical interest [1]. Applications like phase-
conjugation [2], photonic switching of light [3] or Second-
Harmonic Generation (SHG) [4] are important aspects
in modern laser physics and optical information technol-
ogies. Organic materials like liquid crystals and polymers
presently receive strong attention [5] as promising can-
didates for nonlinear optical components because of
large second- and third-order nonlinearities and the
possibility to manufacture devices with large apertures in
thin films of high optical quality. Furthermore, the opti-
cal and other physical properties can be varied widely in
these materials by molecular engineering. The optical
nonlinearities discussed in the following are describable
by light-induced changes of the complex birefringence,
i.e., changes in the refractive index or absorption for a
given polarization, and therefore are called Kerr-like
nonlinearities. Second-order processes like SHG which
have also been investigated in poled or non-cen-
trosymmetric liquid crytsals will not be treated here.
Light-induced changes of molecular orientation and
alignment of liquid crystals have been studied as impor-
tant mechanisms leading to rather strong but usually

slow Kerr-like optical nonlinearities since the early
1980’s. Typical response times with low power cw lasers
range from submilliseconds up to seconds for these ef-
fects. General aspects and different details of optical
nonlinearities in liquid crystals have been reviewed by
several authors during the recent years [5-10].

It was realized later on [11] that the use of short
intense laser pulses instead of low-power cw radiation
may speed up the reorientational nonlinearity dramat-
ically. Furthermore, a variety of different transient
phenomena of liquid crystals can be investigated using
short laser pulses. It was shown [11/13] that there is a
transfer of energy, linear and angular momentum from
the light wave to the liquid crystal during the impulsive
excitation, which result in temperature rise, flow and
reorientation of the molecules. Since these processes in-
fluence the optical properties of the material, the corre-
sponding relaxation processes can be monitored with a
weak probe beam. These advantages have been already
pointed out in one of the first experiments using short
laser pulses for the investigation of nematic liquid crys-
tals reported by Hsiung et al. [11]. In this reference
transient laser heating and optical reorientation in SCB
(p-pentyl-p’-cyanobiphenyl) was observed using Q-
switched pulses of 6 ns duration. Photo-thermally in-
duced birefringence changes [14, 15], optical reorienta-
tion [16], nonlinear absorption and refractive index changes
{(without reorientation) have been also investigated with
nanosecond pulses in dynamic grating experiments or
using the z-scan technique [17]. Some of the mechanisms
and the complexity of processes leading to optically non-
linear behaviour in liquid crystals are schematically sum-
marized in Fig. 1.

In order to achieve higher time-resolution it was dem-
onstrated [18] that reorientation phenomena can be
observed in nematic films even if subnanosecond pulses
are used. In self-diffraction grating experiments with
excitation pulses of 80 ps duration it was shown that
molecular reorientation is mainly responsible for the
diffraction effects. Time resolved picosecond grating ex-
periments [12, 13, 18, 19] revealed, that these fast re-
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Fig. 1. Schematic representation of mechanisms leading to Kerr-like
nonlinear optical behaviour in liquid crystals

orientation effects are followed by a rather complex dy-
namic response, because of coupling between density,
temperature, flow and reorientation (Fig. 1). On the
other hand, flow effects and density waves (ultrasound)
can be excited much easier with picosecond than with
nanosecond pulses.

In the following we review some of our recent results
of time resolved investigations with picosecond laser
pulses, which have been performed in nematic, smectic
and cholesteric liquid crystals using the light-induced
dynamic grating technique [20].

1 Experimental setup and results

The wave-mixing arrangement for the experiments is
sketched in Fig. 2. Two pump-pulses of 80 ps FWHM at
Jexc= 532 nm obtained from a frequency-doubled mode-
locked Nd: YAG laser with a symmetric beam splitter are
slightly focussed to a spot size of about 500 um diameter
with an intersection angle of $=1 deg onto the liquid-
crystal sample. The two beams are linearly polarized,
either parallel or perpendicular to each other. The optical
fringes resulting from interference of the excitation
beams modulate the optical properties of the liquid-
crystal film due to optical nonlinearities. The fringe spacing
is about 4= A/sin $=30 pm in the following.

The center of the induced optical grating is monitored
by diffraction of a weak cw laser at A,, =488 nm on a spot
of 100 um. The first-order diffracted intensity of the
probe beam is measured as a function of time with the
help of fast fotodetectors. In most experiments fast foto-
diodes are used in connection with oscilloscopes and the
temporal resolution is between 200 ps and 2 ns. Higher
resolutions of several picoseconds are realized by using
a streak-camera. The diffraction efficiency of a thin phase
grating into the first-order diffracted beam is given
by [20]
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Fig. 2. Experimental arrangement for the investigation of light-
induced dynamic gratings with LC, liquid crystal; PD, photodetec-
tor; M, mirror

where J, is the first-order Bessel function (of first kind)
and dpy = 2ndnyd/A denotes the amplitude of the in-
duced phase grating for a given polarization of the probe
beam. I, is the diffracted intensity of a probe beam with
input intensity I,. For weak gratings dpo«1 the ap-
proximation J; = dg,/2 holds and the diffracted intensity
is proportional to the square of the induced refractive
index changes.

It should be noted, that fast (subnanosecond) non-
linearities, which have been observed [18] in self-diffrac-
tion of the excitation beams are generally much weaker
than the dynamic effects shown in the following and
therefore do not appear in the transient grating signal
obtained with the above described experimental
technique.

1.1 Ultrasound generation. Flow-alignment
and reorientation in nematics

Figure 3 displays oscilloscope traces of the diffracted
probe-beam intensity on two different time scales ob-
tained with a homeotropic aligend nematic film. An in-
tensity grating (i.e., parallel polarized pump beams) of
80 ps duration has been used for the excitation. The
initial molecular alignment is at a nonzero angle f with
the intersection plane of the two pump beams to over-
come the “nematic barrier” which usually occurs in re-
orientation phenomena at normal incidence.

Obviously, the dynamic response of liquid crystals to
short intense laser pulses is rather complex, showing
several characteristic relaxation processes and time con-
stants. The grating is built-up on a nanosecond time scale
and the diffracted signal is still increasing long after the
pump pulse has left the sample. Afterwards the grating
washes out and the diffracted signal decays with a double
exponential law with two time constants of about 200 us
and 40 ms, respectively. The slow relaxation process can
be attributed to collective molecular reorientation effects
whereas the faster process is the decay of thermal gratings
due to heat diffusion. The observed slow relaxation times
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Fig. 3. Diffracted probe-beam intensity vs. time after ps
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Fig. 4. Reorientation grating decay after excitation with 80 ps laser
pulse. Inset: Evaluated relaxation times vs. reduced temperature.
Ty =36.5° C is the nematicisotropic phase transition temperature

exhibit a characteristic temperature dependence shown in
Fig. 4 which has been explained [13] with the temperature
dependences of the rotational viscosity y, and the elastic
constant K [24] of the liquid crystal, confirming that
reorientation has been induced with picosecond laser
pulses. The thermal grating relaxation is treated in Sect.
1.2 with more detail.

The strong oscillations during the grating build up are
due to laser-induced standing ultrasound waves [21, 22]
and diffraction at the resulting density modulations
(“forced Brillouin scattering™). The holographic genera-
tion of ultrasound is explained schematically in Fig. 5. A
density modulation with the spatial frequency ¢ of the
intensity grating is excited at =0 by thermal volume
expansion or electrostrictive forces. The periodic stretch-
ing and squeezing of the fluid within the excitation area
launches two counterpropagating sound wave packets if
the corresponding frequency
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Fig. 5. Schematic representation of holographic ultrasound genera-
tion: Two sound wave packets are launched by spatially periodic
squeezing and stretching of the liquid crystal with an intensity
grating at =0

is included within the Fourier spectrum of the excitation
pulse. ¢, is the speed of sound. As a result, the density
modulation and the corresponding phase grating relax in
form of a damped standing wave leading to oscillations
in the diffracted signal (“acoustic ringing”).

The numerical value of the frequency given by (2)
for ¢ = 27/30 pm) and c¢,=1500m/s from {22] is
of2n=50MHz in agreement with the oscillations in
Fig. 3. The holographic sound wave generation is very
effective if the pulse duration 7,«<w™!.

The damping of the acoustic grating signal is given by
two mechanisms in general. First, the kinematic viscosity
n of the fluid leads to a phonon life-time {23]

11 =2/(ng*) . €)

Second, the two sound wave packets travel out of the
excitation region leading to effective damping of the
signal which can be calculated to

Ty = Wo/Cs 4



546

where w, is the excitation beam radius. The phonon
life-time can be observed only if wy>2 c/(ng*). The
damping of the signal displayed in Fig. 3 is mainly given
by the second process described by (4).

The observed acoustic gratings are a new quality ap-
pearing in transient grating experiments with picosecond
laser pulses since they are connected with translational
motions of the liquid-crystal molecules, which can be
neglected in most experiments with cw lasers. In liquid
crystals translational motions are usually coupled to
rotation and reorientation of the molecules via aniso-
tropic frictional forces. Shear-induced flow-alignment of
liquid-crystal films between two moving glass-plates [24]
is a well-known example for this phenomenon. The im-
portance of flow-alignment effects in ps grating experi-
ments has been demonstrated by Khoo et al. [12] and by
us [13, 19] almost simultaneously. In [12] reorientation
effects due to temperature and density modulations have
been observed in an experimental arrangement where
parallel polarizations of the excitation beams nearly
normally incident on a homeotropic liquid crystal did #ot
allow optical torque-induced reorientation in principle.
In [13, 19] investigations have been performed with a
different geometry which allows laser-induced reorienta-
tion effects, on one hand, but uses crossed excitation
beam polarizations to avoid thermal and acoustic grat-
ings, on the other hand. It was shown that the excitation
pulse is followed by a delayed reorientation process in
this case, which can be explained in terms of a large
“inertial moment” due to flow-alignment, which is not
driven by temperature and density modulations but by
photoelastic stresses.

Thermal gratings and the resulting acoustic gratings
can be suppressed if crossed polarizations E; L E, of the
pump beams are used with moderate excitation energies
(below 0.6 mJ in our experiments) instead of parallel
polarizations £, || E,. The resulting diffraction signals
are shown Fig. 6. If E, || E, the two beams interfere to
give an intensity grating while for E, L F, a polarization
grating with a much weaker intensity modulation (due to
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Fig. 6. Diffracted probe-beam signal vs. time with parallel and
crossed pump-beam polarizations. Excitation energy is
W,=0.25mJ

imperfect polarizations of the beams) is formed. As a
consequence, polarization-dependent effects like re-
orientation are excited with crossed polarizations while
intensity-dependent modulations like thermal gratings
are suppressed at the same time. Furthermore shear
forces and transverse flow effects can be excited with
polarization gratings, which result from photoelastic
stresses [23].

Since the elasto-optic coefficients relating these stress-
es to the light field are not known for liquid crystals, the
force density F corresponding to Maxwell stresses [23]

F=(D-V)E*—%V(E-D*) (5)

can be used as a qualitative approximation. E is the
optical field, D is the displacement vector, and the asterik
denotes the complex conjugate. The complex notation
gives the time-averaged real value of F. The main force
for a polarization grating with an experimental geometry
as depicted in Fig. 2 is given by the x-component

F,

x

= 5% ¢, n, qE*cos (gy) and other components are

negligible. The director motion can be described by a
single reorientation angle ® in this case, which is ob-
tained by a torque balance in addition to the Navier-
Stokes equation [26, 27]

7100+ Myt M,+M,, =0, (6a)
Qatvx_ysdvx = an (6b)

where 0,=0/0t, M,=— KA® is the eclastic torque,
1
M, =~ E(yl—y2 cos 20) ov,/0z is a flow coupling

1
term and My, = — = ¢&y¢, E?sin [2 (f+ 0)] is the optical
’ 2

torque. y, and y, are flow viscosities, g is the mass density
and v, the flow velocity excited by F,. The inertial mo-
ment (density) connected with pure reorientation
phenomena (i.e., no flow) is in the order of
1=1071% kg/m and has been ommited from (6a) because
it would result in reorientation rise time of picoseconds
or less, which was not observed in these experiments. The
inverse flow alignment process has been also estimated
to be of less importance and is neglected here.

We will not discuss the solution of (6) here in much
detail but briefly summarize the main results as given in
[13]: A single equation describing the time dependence of
the reorientation grating amplitude in terms of an over-
damped oscillator can be obtained by elimination of the
flow velocity. The apparent second time derivative in this
equation is a consequence of the flow elimination and is
connected with a large inertial moment fi=~g/q ¢’ of the
flowing molecules in the excited regions, where g is the
wave number of the excited transverse and ¢"=2z/d the
longitudinal spatial mode. It can be calculated to
A=10"%kg/m which is much larger than the inertial
moment given above and consequently leads to much
slower reorientation rise times. The dynamics of the
reorientation grating amplitude according to eqns. 6 for



excitation with a delta pulse is then given by

@1~ [exp (—t/z)— exp (—1/7,)} Q)

where 7,= g/y, (¢* + ¢%) and 1,=y,/K (¢*+ ¢*) can be in-
terpreted as the rise time and the decay time of the
reorientation process.

As with simple reorientation models, the relaxation of
the grating is given by the rotational viscosity and the
elastic constant of the nematic fluid, whereas the ob-
served rise times are governed by the damping of the
induced shear flow and hence the flow viscosity. The ob-
served rise times 7, are in the order of 20 to 50 ns depending
on pump energy (Fig. 6). The energy dependence can be
explained assuming a non-Newtonian flow viscosity,
which means that the viscosity and thus 7, ! contains a
term which is proportional to the shear rate év,/0z. Since
v, is proportional to the pump energy W, see (5, 6), a
linear dependence of the inverse rise time on pump
energy can be expected, in agreement with the experi-
mental observations (Fig. 6). By extrapolating the graph
to W,—0 and using 7, as given with (7) we obtain
7,=0.02 kg/ms in excellent agreement with published
data for small shear rates [28].

It should be noted at the end of this section that
longitudinally translational motion of molecules and ul-
trasound has been also observed even with polarization
gratings at higher excitation energies [18]. This may re-
sult from imperfect polarizations of the excitation beams
and/or depolarization effects inside the liquid crystal
film, both resulting in additional intensity modulations
at stronger excitations.

1.2 Nonlinear absorption and thermal gratings

Besides the “giant” reorientational nonlinearity, laser-
induced thermal birefringence changes in slightly absorb-
ing nematic liquid crystals have been investigated as
important optical nonlinear mechanisms in various ex-
periments [11, 14-16] using short laser pulses. The ob-
served large thermo-optic effects are, however, not
explainable by the rather weak linear absorption of the
most stable and technically important family of liquid
crystals, the cyanobiphenyls, throughout the whole
visible and near infrared spectral range as mentioned
above. As a consequence, the absorption of these trans-
parent materials has been usually enhanced by adding
appropriate dyes or by coating the inner walls of the
liquid crystal cell with absorbing layers [29, 30] to obtain
strong laser heating and the related thermal nonlinearity.

However, enhanced absorption and thermal gratings
without any additional absorbing material has been also
observed in 5CB using short intense laser pulses in the
green spectral range, recently. Deeg and Fayer [31] ob-
served two-photon absorption (2PA) and excited state
gratings in wave-mixing experiments with 300 fs laser
pulses in isotropic 5CB at A...=575nm. We verified
experimentally [32] that strong thermal gratings in the
nematic and the isotropic phase of 5CB are generated by
a three-photon process if short picosecond laser pulses at
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Aexe=332nm are used. The heat production was ex-
plained to result from radiationless recombination of
highly excited states, which are populated by 2PA and
subsequent excited state absorption as will be shown
below. Nonlinear absorption in 5CB has been also ob-
served [17] using nanosecond pulses in the green spectral
range during z-scan measurements.

The experiments discussed in the following have been
performed in our transient grating arrangement using a
planarly aligned nematic sample and f=0. The polariza-
tions (E, || E,) of the pump beams, the grating wave
vector and the normal axis of the liquid crystal film are
orthogonal to each other and may be labelled as the x-,
y- and z-coordinate axis, respectively. The sample can be
rotated around the z-axis to orient the optical field either
parallel or perpendicular to the nematic director. This is
important to avoid strong additional reorientation grat-
ings as discussed in the previous subsection.

The absorbed intensity grating modulates the tem-
perature and hence the birefringence of the fluid leading
to diffraction of the probe beam. The temperature rise 67
due to laser heating can be described by the heat flow
equation [20]. Solution of this equation in a plane wave
approximation neglecting higher Fourier-components of
the grating may be written as [32]

QOTp

ec

T =T-T, = exp (— /1) (cos (gy) ®)

where the thermal grating relaxation time t=Dg ¢ ?
contains the relevant (effective) heat diffusion coefficient
and the grating wave number ¢=2x/4. The heat produc-
tion (per time and volume) referring to the amplitude
(peaks) of the induced grating is denoted as Q,, 7, 1s the
laser pulse duration, g the mass density, ¢ the heat capac-
ity and T} is the initial temperature. In evaluating (8) we
have assumed that the heat production is fast compared
to the thermal relaxation times and that the main heat
diffusion washing out the grating is from the peaks to the
nulls of the grating.

Heat diffusion in nematic liquid crystals is governed
by a second-rank tensor D= 4,0~ ¢! which is given by
the heat conductivity tensor 4, the mass density ¢ and
heat capacity ¢. The effective heat diffusion coefficient
Dy 13, €.g., given by the two principal values D, and D,
in the nematic phase if the temperature gradient (i.e., the
grating wave vector) is applied perpendicular or parallel
to the planar aligned director, respectively. Typical val-
ues for D, and 7 are dicussed below, together with the
experimental results.

The heat production in the sample and thus the am-
plitude of the induced thermal grating at the beginning
of the decay is determined by the absorbed intensity of
the ps-excitation pulse. In many cases it is sufficient to
use expressions [7,20] like Q =oal where « is the absorp-
tion coeflicient and I the intensity, which implies, how-
ever, that the absorbed intensity is fast and completely
dissipated as heat. According to [31] strong two-photon
absorption (2PA) from the lowest energy band S, to the
first excited singlet states .S; can be expected in experi-
ments with intense green laser pulses at A,,,= 532 nm.

exc
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The 2PA spectra essentially follows the one-photon ab-
sorption which peaks at 4=280 nm in pure SCB [5]. The
2PA probability is proportional to the number density of
ground state molecules and the photon density, i.e., the
intensity. The absorption coefficient can be written in this
€ase as d,ps = y,1, Where 7, is a constant. However, since
the lifetime of the S;-state is in the order of one nanosec-
ond or somewhat less [33], there is a strong probability
that a third photon of the short picosecond laser pulse
1s absorbed by an excited state-excited state transition
S1—95,. The one-photon excited-state absorption is very
effective if the excitation pulse duration is short com-
pared to the S, lifetime, but large compared to the sol-
vent cage reorganization time of 4 ps. The latter is impor-
tant because the transition is shifted down to the excita-
tion wavelength A...=532nm by this process [31]. A
spectroscopic investigation of the excited state absorp-
tion in SCB is reported in [34].

The probability for the one-photon excited state ab-
sorption is proportional to the number density of singlet
S; molecules which is proportional to the intensity
absorbed by 2PA in our case, i.e. oy, =ko,psI=75 1>
where y;=ky, and k is a constant. The complete three-
photon absorption process can then be described by the
nonlinear absorption coefficient

o= Ogpp Ty = 721+)’312 =y I(1+ kD). €)

The intensity independent S,—S; one-photon absorp-
tion has been neglected because it is rather weak for our
excitation wavelength, as discussed above.

The heat production due to this nonlinear absorption
is provided by fast radiationless recombination from the
S, singlet states mainly and can be written as

Q=o0,1= 7313- (10

The temperature rise and the amplitude of the induced
thermal grating can be calculated by using (8 and 10). As
a result, the induced phase grating amplitude Jdp, is
expected to be proportional to I® or W3, respectively,
because dn~dT. In Fig. 7 we have plotted dg, as a
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Fig. 7. Evaluated thermal grating modulation depth vs. excitation
energy for isotropic SCB. The inset shows the measured diffraction
efficiencies

function of the excitation energy on a logarithmic scale,
which has been obtained from diffraction efficiency
measurements, using (1), with isotropic SCB displayed in
the inset of the same figure. The experimental data fit
quite well to a cubic law which is a strong indication that
the three-photon absorption process is mainly responsi-
ble for the heat production. Laser heating due to 2PA or
one-photon absorption would result in a quadradic or
linear dependency, respectively.

The coefficients y; have been evaluated from these
experiments to 75=3.7-1072° m3/W? in the isotropic
phase and (y;), =0.14 75, (y3),=1.8 75 in the nematic
phase at 7=25° C. The nonlinear absorption is aniso-
tropic in the nematic phase with stronger absorption for
polarizations parallel to the director. This is not surpris-
ing since the involved S,—.S; transition is polarized
along the long molecular axis in cyanobiphenyls.

Intensity dependent absorption, of course, leads to
nonlinear transmission of the samples, which has been
clearly observed [32] with liquid crystal films of 200 um
thickness.

Relaxation of the picosecond induced thermal grat-
ings ranges on a microsecond time scale and exhibits a
critical slowing behaviour in the vicinity of the nematic-
isotropic phase transition. Figure 8 shows the evaluated
thermal relaxation times which depend on director
orientation and temperature. The two branches for 7 in
the nematic phase correspond to heat diffusion parallel
and perpendicular to the director. Typical values for the
relaxation times not too close to the phase transition
(e.g., at |T— Ty = 10K) are 7, =250 s, T= 130 ps
and 7,,, = 180 us which can be explained with the thermal
relaxation time in (8) using ¢ = 0.2 pm ™! and heat diffusi-
ties like D, =0.9-107*s ' cm? D;=18-10"°s ' cm?
and D,,=13-10"3s Yem? in good agreement with
published data [7].

The observed temperature dependence of = can be
explained mainly with the temperature dependence of the
heat conductivity tensor and the heat capacity ¢ at the
first-order nematic-isotropic phase transition [32].
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Fig. 8. Thermal grating relaxation times and anisotropic heat dif-
fusion in 5CB as a function of temperature. Ty, is the nematic-isot-
ropic phase transition temperature



1.3 Photo-thermal reorientation of ferroelectric
liquid crystals

Recently, a new optically induced reorientation effect has
been proposed and demonstrated [30] using ferroelectric
liquid crystals. Photo-thermally induced optical axis re-
orientation of 23 deg was used to realize an optically
adressed half-wave plate and all-optical modulation with
low-power c¢w lasers. The dynamics of these reorientation
effects have been also investigated using short picosecond
laser pulses and the transient grating technique [35]. Due
to a rather fast temperature rise induced by impulsive
laser heating it is possible to investigate the relaxation of
the tilt angle towards the new equilibrium state. This
relaxation process is not only of practical interest for the
realization of optical switching times but also for funda-
mental research, since the tilt angle can be used as an
order parameter [36] to describe the SmC* — SmA phase
transition.

The experiments have been performed with surface
stabilized smectic films in a bookshelf-like geometry
(Fig. 9). The director and hence the optical axis is tilted
with respect to the smectic layers including an angle @.
The tilt angle is temperature dependent, as depicted in
Fig. 10. Due to residual absorption of the laser puise
within the sample the temperature is increased rapidly
and the tilt angle follows with the so-called soft-mode
relaxation time. A nonlinear dynamic equation describ-
ing this reorientation process can be written using a
Landau-type potential for the stationary description of
the SmC*— SmA phase transition as

78,0+ Ao(T—T,) ®+BO* = 0 (11)

where y is a viscosity, T, the phase transition temperature
and A,, B are constants. Eq. (11) can be solved assuming
small light-induced pertubations in the temperature
T=T,~+ T and the tilt angle @= 0, + @ and neglecting
all higher than linear terms in these pertubations to give

0 = G [exp (—t/1,)— exp (—/7)] (12)

Fig. 9. Surface stabilized SmC* ferroelectric liquid crystal in a
bookshelf-life geometry, with L, director; n, layer normal axis; P,
spontaneous polarization; @, tilt angle; d=2 pm
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Fig. 11. Square root of the diffracted signal vs. time for the SmC*
and SmA phase of a ferroelectric liquid crystal

where t=7y [2 4o (T,— T,,)]~ " is the soft-mode relaxation
time (for 7,,<T,) and 7, the thermal relaxation time,
assuming T= T, exp (—t/7,). The soft-mode relaxation
described by (12) leads to a delayed increase of the dif-
fracted probe beam as can be seen in Fig. 11. Experi-
mental results obtained within the SmC* and SmA
phase are shown for comparision. Since the birefringence
and film thickness are matched to provide that n,d~1/2,
periodic reorientation of the optical axis leads to a strong
depolarization of the diffracted probe beam. This has
been investigated by performing a polarization analysis
of the diffracted light. The orthogonally polarized signal
is much stronger in the SmC* phase, indicating optical
axis reorientation, whereas no depolarization effects oc-
cur in the SmA phase. The grating diffraction in the
SmA phase is explained by density modulations mainly
and no reorientation has been observed. The density
relaxation is, however, not connected with acoustic
gratings in contrast to the considerations of Sect. 1.1
since the liquid crystal film is rather thin resulting in
strong damping of sound waves.
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Fig. 12. Temperature dependence of the evaluated soft-mode relaxa-
tion times. 7, is the SmA-SmC¥* phase transition temperature. The
inset shows the reciprocal relaxation times vs. temperature

The observed order parameter relaxation times are in
the range of 0.6 to 5 ps with the commercial ferroelectric
liquid crystal Z1.14237-100 (supplied by Merck), depend-
ing on temperature, as shown in Fig. 12. The hyperbolic
increase of T with increasing temperature can be expected
from the dynamic model of the phase transition discussed
above.

The grating decays on a microsecond time scale if low
excitation energies (< 100 uJ) are used. Relaxation of the
thermal gratings in this case is determined by surface heat
diffusion because the liquid crystal is rather thin com-
pared with the grating period. The nonexponential decay
as shown in Fig. 11 is about one order of magnitude
faster than for thicker films (Fig. 8) which can be ex-
plained [37] by solving the heat diffusion equation for this
particular case.

If, however, the excitation is stronger (>100pJ), a
slower component can be observed following the thermal
relaxation. The time constants of the slow component are
in the range of several milliseconds and can be explained
by the relaxation of elastic deformations. Strong distor-
tions of the smectic layers may further lead to permanent
gratings which has been also reported by Khoo et al. [12].
These permanent gratings can be erased by carefully
heating and subsequent cooling of the whole sample.
Eraseable permanent gratings are important, e.g., in ap-
plications like holografic optical data storages.

1.4 Dye-doped cholesteric liquid crystals

Optically induced detuning of the selective reflectivity
band in absorbing cholesteric liquid crystals has been
succesfully used [38, 39] for intrinsic (mirror-less) optical
bistability and optical switching. The dynamic response
of dye doped cholesteric liquid crystals with an absorp-
tion maximum near the selective reflectivity band to a
picosecond laser pulse in transient grating experiments
[40] has been investigated recently to demonstrate that
fast subnanosecond switching times can be achieved in
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Fig. 13. Temporal development of selfdiffracted intensity into first

diffraction order (lower trace) compared with input laser pulse

(upper trace). The vertical scale of the diffracted intensity has been
expanded by a factor 3 with respect to the incident intensity
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Fig. 14. Square root of the diffracted probe-beam intensity vs. time
on different time scales after ps excitation of a dye-doped cholesteric
liquid crystal at =0

such systems. Results are shown in Figs. 13 and 14. The
film thickness has been about 2 um, the excitation
wavelength 4. =532 nm was close to the absorption
peak 1,=550 nm and the peak reflectivity 4,=570 nm.
Figure 13 displays a fast picosecond grating component,
which has been recorded with a streak camera during
self-diffraction experiments. In Fig. 14, time resolved
grating relaxation shows that there are further contribu-
tions to the optical nonlinearity, which are caused by
radiationless recombination of the excited molecules and



optical heating, resulting in density changes and mo-
lecular reorientation.

The fast ps grating component with diffraction effi-
ciencies up to 10% into first diffraction order has been
explained by a resonant optical nonlinearity due to sat-
uration of the dye absorption. According to Kramers-
Kronig relations [41] absorption saturation results also
in refractive index changes which in cholesteric liquid
crystals shift the selective reflectivity band. As a conse-
quence, enhanced grating diffraction due to changes in
the helical feedback can be obtained in these mesophases.

The absorbed intensity results also in a rapid increase
in temperature, and the response to the corresponding
thermal grating is exhibited in Fig. 14. The observed
optical grating rise times are in the order of 200 to 400 ns
and have been explained by thermally excited over-
damped sound waves and density relaxations, very sim-
ilar to the transient gratings in smectic A liquid crystals
shown in the previous subsection.

The observed slower grating relaxation takes place on
two different time scales mainly. Note that the end of the
(lower) left curve in Fig. 14 is the beginning of the slower
right curve. The faster component exhibits a nonex-
ponential decay on a microsecond scale, whereas the
slower relaxation can be fitted with a double exponential
law using time constants of 30 and 270 ms, respectively.
The microsecond decay is connected with surface heat
diffusion out of the thin liquid crystal film and very
similiar to the thermal grating relaxation observed in
rather thin (2 um) ferroelectric liquid crystals discussed
above. The millisecond component is attributed to elastic
helix deformations which relax by surface diffusion, since
the sample is much thinner than the induced transversal
grating period. Consequently, the double exponential
decay and the corresponding two time constants can be
appointed [10] to the first (m= 1) and third (m=3) lon-
gitudinal Fourier components of the distortion. Since
.~ (mm/d)~? in this case, the observed relaxation times
are expected to fulfill the relation 7,:75 = 9:1 in good
agreement with the experimental observations.

2 Conclusions

In the present paper we have reviewed fast transients of
Kerr-like optical nonlinearities in various liquid crystals,
which have been investigated with light-induced dynamic
gratings using picosecond excitation pulses. It was shown
that the use of short intense laser pulses with strong
optical fields in connection with the transient grating
technique may be a powerful tool for the investigation of
different relaxation processes like molecular reorienta-
tion, fluctuations in temperature and density, ultrasound,
flow and flow-alignment or phase transitions in these
materials. The observed characteristic time constants and
relaxation rates span up an enormeous time scale reach-
ing from picoseconds for electronic effects like nonlinear
absorption, up to several hundered milliseconds for the
relaxation of elastic deformations and reorientation
phenomena. In between, there are several nanosecond
processes like acoustic gratings, density and order pa-
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rameter relaxations, followed by thermal grating relaxa-
tion running on a microsecond scale.

In particular, the effects of optical reorientation,
acoustic gratings and flow-alignment, but also electronic
effects like nonlinear absorption have been observed and
investigated in nematic liquid crystals. A new photo-
thermally induced reorientation effect and polarization
switching phenomena was investigated in thin surface
stabilized ferroelectric SmC* liquid crystals. Fast satura-
tion nonlinearities, in addition to subsequent thermal
and elastic deformation gratings, have been further ob-
served in dye-doped cholesteric liquid crystals. These
experiments show, that the photonic response in liquid
crystalline materials may be much faster if short intense
laser pulses are used instead of low-power cw laser radia-
tion. This may open up new aspects and perspectives in
the research and application of optical nonlinear effects
in liquid crystals. Although most of the investigations
have been concentrated on the nematic phase up to now,
the other mesophases look very promising as well, which
was demonstrated with ferroelectric and cholesteric
liquid crystals.
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