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Inertial effects in the dynamics of picosecond laser-induced
molecular reorientation in nematic liquid crystals

H.J. Eichler, R. Macdonald

Optisches Institut Technische Universitdt Berlin

Strasse des 17. Juni 135, D-~1000 Berlin 12, FRGermany

Abstract
Dynamics of collective molecular reorientation phenomena in a nematic
liquid crystal SCB are investigated in transient grating experiments using

picosecond excitation pulses.

Molecular correlations in nematic liquid crystals can lead to a more or less
uniform alignment of the molecules, which can be distorted easily by exter-
nal fields . Optical field-induced collective reorientation” of nematics has

3,4

been investigated with low power cw-lasers , with short laser pulses on

%1% and has been demonstrated with picosecond

the nanosecond time scale
pulses recently 7 Light- induced reorientation results in nonlinear optical
effects which may be useful in applications like phaseconjugation, photonic

switching and processing of light or optical bistability.

In the present paper we describe investigations of dynamic collective mole-
cular reorientation phenomena in a nematic liquid crystal by using transient
grating techniques and picosecond excitation pulses. For the first time we
have observed effects which give evidence that inertial motions of many
correlated molecules have to be considered in this case. It is discussed how

the experimental results can be explained by a flow alignment theory.
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In our experiments we used a wave-mixing arrangement which is sche-
matically shown in Fig.la. Two pump-pulses (532nm) of 80ps FWHM
obtained from a frequency doubled mode-locked Nd:YAG laser with a sin-
gle-pulse extraction are focussed to an e %~diameter of 800pum on a thin
film (25um)} of a homeotropically aligned nematic liquid crystal 5CB (4'-n-
pentyl-4-cyanobiphenyl). The two pump beams are linear polarized, their
polarizations either parallel or perpendicular to each other, producing an
intensity- or polarization grating in the sample. The resulting optical field-
fringes modulate the alignment of the molecules and change the optical
properties of the birefringent liquid by rotating the alignment-tensor (or
the director) and the optical axis. The center of the induced phase-grating
(grating period A=30pm) is probed by a weak argon cw-laser (488nm)
with a spot diameter of 100pum. The first order diffracted intensity of the
probe-beam is measured with a fast fotodiode and a fast real-time oscillo-
scope. The oscilloscope traces are recorded and processed with a digitizing
video-camera system. The time resolution is limited by a rise-time of 400ps
and a decay-time of less than 4ns with the PIN-diode used so far. The
experimental geometry is depicted in Fig.1b. The unpertubed director and
the optical fields Eog and E; are in the x-z plane while the second pump
field E, is chosen parallel or perpendicular to E;. If E;| E; the two beams
interfere to give an intensity-grating and reorientation effects will occur as
well as e.g. thermal effects {due to finite absorption and laser-heating)} in
a periodic structure, leading to diffraction of the probe beam. If however
E{ L Ey, the two beams do not interfere and intensity dependent effects (e.
g. thermal heating) do not appear as a grating and are not detected. But
the optical fields still form a po1za\rizat:ion—grating8 and the liquid crystal
will respond with a periodic reorientation pattern which can now be detec-

ted by diffraction without any additional intensity-dependent effeds.
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Wavemixing arrangement (a) and experimental geometry (b).

LC: Liquid crystal SCB, FD: Fast photo diode, IF: Interference filter
(488nm), E; and E,: Optical excitation fields, Epgp: Optical probe
field, ©: Reorientation angle, B =22.5deg.
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The direction of the initial alignment has always been f=22.5deg to overco-
me the "nematic barrier”, which will occur in the case of normal incidence .
The liquid crystal is further placed in a temperature-controlled stage, stabi-

lized at T=(25.0£0.1) °C (unless not noted otherwise).

Fig. 2 displays typical oscilloscope traces of the diffracted probe intensity
during the first 500 ns after excitation with a 80 ps pulse for the two types
of excitation grating. In both cases the diffracted signal is still increasing
long after the pump-pulse (which can be approximated as a §-peak at t=0
on the graph) leaves the sample, showing strong oscillations in the case
E{l E5. These oscillations occur due to laser-induced standing ultrasound
waves and additional diffraction at the resulting density modulations (forced
Brillouin-scattering ). In liquid crystals such acoustic gratings are generated
by thermal heating or electrostriction and can be supressed by using cros-
sed polarization of the excitation beams as can be seen in the trace with
E;LE,. It should be mentioned however, that forced Brillouin-scattering
has also been observed even with a polarization-grating at higher pump
energies in these experiments, which is beyond the scope of the present

paper and will be discussed elsewhere.

The slow increase of the signal at low energies is given by a function of
the type (1-exp{-t/t.}), with rise-times t, between 20 and 50ns , depen-
ding on excitation energy as shown in Fig.3. Much later the diffracted sig-
nal decreases exponentially as can be seen in Fig.4. The evaluated decay-ti-
mes are in the millisecond range, depending on sample temperature as

depicted in Fig. 5.

The observed effects can be described by optical field-induced reorientation
of the liquid crystal (for calculation of the optical nonlinearity) in combi-

nation with a simple grating diffraction model. The interference field of the
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Fig.2: Diffracted probe-beam intensity vs. time after ps-grating excitation

with parallel or perpendicular pump-beam polarization. Excitation
energy is Wp=0.25 m]. The direct response of the detector-system

is shown for comparision.
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Fig.3: Evaluated reciprocal rise-time vs. pump-energy.

Nematic 5CB d=25um, T=25°C, B=22.5deg.
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Fig.4: Grating decay after excitation with 80 ps laserpulse. Nematic SCB

d=25um, T=25°C, p=22.5deg. Full line corresponds to experimental

oscilloscope trace, broken line is an exponential fit.
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Fig.5: Evaluated decay-time vs. reduced sample temperature.

Tni1=36.5°C is the nematic-isotropic phase transition temperature.
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incident laser beams modulates the orientation of the director and the re-
fractive index of the birefringent fluid to form a phase-grating. The first
order diffracted probe-beam intensity Iy for weak thin gratings can be writ-

9
ten as

d
la=1, (% [ sn(z,t) dz)? (1)
0

where )\ is the light wavelength, d the film thickness, dn the induced re-
fractive index change and I, the input probe-beam intensity. If we simplify
the problem by treating the case where the director rotates only in the x-
z-plane (which is the main effect as follows), the refractive index changes

established by molecular reorientation are given by

n =n,(©+B) - n,(B) (2)

where ne(5)=n,n||(n“zcoszs+n|2sin23)_1/2 with $=0+f and 9=§ respec-

tively. ny and n; are the refractive indicees parallel and perpendicular to the

optical axis. Field- and flow-induced reorientation of the alignment-tensor 10

for a nematic liquid in the given geometry can be described by a single reo-
rientation angle © which is obtained by a torque balance in addition with

Navier-Stokes equation!?

2

u:—tg—’ +y,g? + Mg + Mg + Mg, = 0 (3a)
OV x

[ ™ - yAv,, = F, (3b)

where M, =~ K AO is the elastic torque, Mg=-1/2 (y;~v5c0s20) (dv,/9dz) a
flow coupling term and Mg =-1/2 g,¢, EZsin2(@+B) the optical force. K is

an elastic constant in a one elastic constant approximation, y; the rotational
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viscosity, Y, and vy are flow viscosities, ¢5=¢;-¢;, p, the mass density and
E the optical field. y is an inertial moment connected with reorientation
phenomena. v, is the x-component of a flow velocity which is excited by
forces due to Maxwell-stresses F = (D'V) E* - ’5 V (E- DY in the treated
case of a polarization grating mainly. As indicated by restriction on the
x~-component of the flow velocity the main stress is given by the x-compo-
nent of F which holds for F, = 15 £,510¢ Ezcosq y in the given polarizati-
on-grating geometry, where q is the wavenumber of the induced grating.
The inverse flow-alignment process has been estimated to be of less impor-
tance in the present experiments and has been omitted from eq. 3b so far.

Further a coupling between molecular alignment and laser-heating has been
neglected. Eq. 3 provides two possibilities to explain the observed
dynamics 5, in particular the delayed maximum of the diffracted signal for
times much longer than the excitation pulse duration. First, this delay can
be attributed to the inertial moment g of the rotated areas. Second, a la-
ser-induced flow can provide such delay because the “inertia" of a viscous
flow may drag the reorientation further by flow-orientation coupling pro-
cesses, even when the excitation pulse has left the sample. Although the
latter process has already been discussed by Shen et al. (Ref.5) it was not
observed in this work. It should also be noted that a double-exponential
time dependence of the laser-induced thermal birefringence as reported in

these previous experiments will not occur in the present grating arrange-

ment and therefore cannot explain our results.

If we first discuss the inertial moment term and neglect the flow-coupling
effects (i.e. Mg=0), an approximate solution of the linearized eq.3 under

hard boundary conditions ©(zz0)=©(z=4)=0 in a plane wave grating

experiment is
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® = ©,,(t) cos{qy) sin(} z} (4)

where q is the wavenumber of the grating and ©,_, obeys the equation

e 38 ~
L3ty *DPOm=F (5)

with D=K (g% + n2/d?) - £08q E?cos2B and ¥ =-;— o £q EZsin2B . Eq.5 describes
the dynamics of an overdamped oscillator if typical material parameters and

-12

experimental data like v{=0.01kg/ms, K=10" °N, d=25um, q=0.2 um“1 and

n <107* kg/m are used.

If we approximate our pump-pulse by a delta-peak E2(t)= Ef,S(t) ( which
corresponds to F(t)=F,8(t) by using the definition of F given in eq. S),

the solution of eq.5 is given by

Fo
0., =288'u (exp(—t/td}—exp(—t/rr}) for t>0 (6)

where 8=v,/ 2y and 8= (82-02)?% with w,=(K(q%+n2/d%)/yp )72 .
The quantities 1, =(5+8)! and 14=(5-5)"" can be interpreted as the rise-
time and the decay-time of the reorientation process. Developping the root

8 results in

=-E (7a) SN { EE—— (7b)
K @ © T (@B n2rd?)

The rise-time is given by the inertial moment divided by the viscosity and
the decay-time depends mainly on the visco-elastic behaviour of the nematic
fluid. Expression 7b has been also obtained with simple relaxation models
where the inertial moment has been neglected ¢ If we take v1=0.015kg/ms

and K=710"*N one gets t13=36ms in good agreement with experimental
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data (at T=25 °C ). The observed temperature dependence of t4q can be
explained by the temperature dependence11 of v4/K, confirming that we ha-

ve induced reorientation effects with ultra-short laser pulses.

A response time of e.g. t.=40ns can be explained with u=6-10_10 kg/m fol-
lowing this model. That corresponds to a correlated rotation of many mole-
cules within a sphere of radius 1=800nm but is about 10®-times larger than
the inertial moment of a single molecule which one would expect to be the
relevant value concerned with simple director distortions. So optical-torque
induced reorientation effects should occur even on a picosecond time scale
as already has been demonstrated in self-diffraction experiments recently’.
As a consequence this "commonly” used inertial moment of the director

motion can not be responsible for the observed behaviour.

However, it is reasonable to explain the observed effects and the correlated
motion of molecules in terms of flow-alignment as mentioned above. That
would require a self-consistent treatment of the molecular reorientation
dynamics coupled with the hydrodynamics of the fluid, which is a complex

physical problem in general‘o.

But the problem can be simplified as indicated with the coupled eqgs. 3
above because v is the strongest flow-component in a polarization-garting
experiment to be excited and the director motion can be described by a
single reorientation angle ©. The previously discussed intertial term will be
neglected in the following. If further an approximate solution of the eqs. 3

is restricted to the lowest spatial modes which support each other

© = ©_ () sinq'z cosqy (8a)

“v, = v (t)i-cosq'z) cosqy (8b)
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where q' = 2n/d, the time dependent flow amplitude v (t) can be eliminated

from eqs 3 to give once more

v e T D 0,, = Fy) 9)
now with
~ _ 2povl
==
aq’ (v;-7,)
Lo 200 K(g? + q?) . 2y1 s (q'2+q")
qQq (v, - v,) a'q (vy - 7y)
5 - 2K vs (@*g}?
aq vy~ v,)
Fx 1 2
F = —= = - g4e1 ES(L)
(t) q P

In evaluating eq. 9 we have neglected the optical torque (which gives just
another contribution on the right side) and we have used the small angle

approximation (v, - v, cos20) ® (v, - v,).

According to this simple flow-alignment model the time-dependent amplitu-
de of the reorientation grating is once more described by the equation of an
overdamped oscillator, but now with a different interpretation of the rele-
vant parameters (i, v and D. For a §-like excitationpulse the solution of eq.
9 remains the same as discussed above yielding in a rise- and decay-time

as given in eqs. 7 by replacing these parameters to

= —Po (10a), L

S (10b)
2) 4 7 Kiq2 +f)

Ys(q'2+q
As with simple reorientation models the grating decay is given by the vis-
co-elasticity of the liquid crystal whereas the observed rise-times are go-

verned by the damping of the induced flow and the flow viscosity.
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The apparent value b o6/(q2+g?) can be interpreted as the intertial mo-
ment (density) of the correlated molecular motions of the excited regions,

which is concerned with the investigated flow and reorientation processes.

To explain the observed energy-dependence of 1. one have to assume a

non-Newtonian flow-viscosity

dv
Yo = Yso * Y dzx an

which results (with dv_/dz ~ E2 L Wp) in

1 _ kwp " Yso(g’2+g2)
Ty Po (12)

where y' and k are constants, Wp is the excitation energy and vy__ is the
flow-viscosity at low shear-rates dv,/dz > O. By plotting 1/t as a function
of Wp one would expect a linear graph which is in good agreement within
the uncertinities of the experimental data as shown in Fig. 3. By extrapola-
ting the graph to Wp = 0 we get the value y__ = 0.02 kg/ms which is in

excellent agreement with published data for small shear rates’3.

In conclusion, we have investigated the dynamics of molecular reorientation
phenomena in a transient grating experiment using picosecond excitation
pulses. We have observed an increase of the director deformation for times
much longer than the pump-pulse duration, leading to a delayed maximum
of the diffracted signal. The observed rise-times are in the order of 20 to
S0 ns, depending on pump energy. The reorientation grating relaxes later
with an exponential tail showing decay-times of 30 to 40 ms, which can be
explained well by the visco-elastic properties of the liquid crystal. The
observed delayed reorientation can be‘described by a laserinduced flow and

flow alignment theory. A correlated motion of many molecules has to be
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considered in this case and the rise-time can be interpreted in terms of a

inertial moment of the excited regions.
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