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Molecular motors play key roles in areas ranging from biological transport to emerging nanotech-
nology. They produce current as a result of transfer of energy but not of momentum from a source;
many molecular motor scenarios are based on the translational Brownian ratchet mechanism. Here
we consider the mechanism of photoalignment of liquid crystals both in the bulk and at the surface
by a photosensitive alignment layer. We show that the photoalignment is due to an orientational
ratchet mechanism, where the azo-dye molecules, functionalized into a polymer alignment layer,
when irradiated by polarized light act as the rotors of Brownian motors which reorient the bulk
liquid crystal against an elastic restoring torque. Results of this photoalignment experiment can be
obtained directly from a remote experiment set up at the Liquid Crystal Institute, via the WWW.
In addition to experimental results, we present a detailed Fokker-Planck description of this system.
We discuss the implementation and the results of numerical simulations, and compare these with

the experimentally observed dynamics.

I Introduction

It is well known that light can exert a force on matter;
radiation pressure on a reflecting metal surface, or a
black absorbing surface are well known examples. It is
perhaps less well known that light falling from vacuum
on a dielectric interface exerts a force which attracts the
interface towards the source of light [1]. In 1936, R.A.
Beth showed that light can also exert a torque [2]; in his
example, the torque, along the wave vector of light, was
due to the transfer of intrinsic (spin) angular momen-
tum from the radiation field to the material. In 1969,
A. Saupe showed that light can also exert a torque,
perpendicular to the wave vector, on liquid crystals [3];
this effect has subsequently been rediscovered by others
[4-7] and has been the subject of considerable attention.
In Saupe’s experiment, the torque is due to the trans-
fer of extrinsic (orbital) angular momentum from the
radiation field to the material [8].

In 1990, Janossy showed that by adding a small
amount of dichroic dye to the liquid crystal, the thresh-
old intensity for the light induced reorientation is re-
duced by some two orders or magnitute [9][10]. Since
in this case the transfer of extrinsic angular momen-
tum from light is also reduced by some two orders of
magnitude while the elastic restoring torques remain
unaltered, it is clear that the torque felt by the liquid
crystal cannot originate in angular momentum trans-
fer. Understanding the details of angular momentum

balance in this system posed an interesting and chal-
lenging problem. We have suggested that this ‘rota-
tion without torque’ is an orientational version of the
translational ratchet mechanism, capable of producing
‘motion without force’, proposed by Astumian [11] and
Prost [12], and that the torque is carried from the cell
walls by viscous shear to the dye molecules, which act
as rotors of a Brownian motor [8]. Subsequently, this
model has been significantly expanded [13,14].

In this paper, we argue that photoalignment by
dye doped photosensitive alignment layers can also be
due to the ratchet mechanism, where the dichroic dye
molecules in the alignment layer act as rotors of Brow-
nian motors.

I.1. Biological transport

It is interesting to explore parallels in the under-
standing of angular momentum balance in the pho-
toalignment of liquid crystals, and of the mechanism
of transport in biological systems. Essentially all living
organisms (the eukaryotic cells of yeasts, plants, ani-
mals) contain ‘motor proteins’. Two well known exam-
ples are kinesins and myosins. Kinesin has two active
heads, it hydrolyzes ATP, and moves along processively
along mictotubules.

Myosin also has two active heads, it also hydrolyzes
ATP, and it moves processively along actin fibers. Al-
though myosin is involved in a great variety of cell func-
tions, it is perhaps best known for its role in muscle
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tissue. The actin fibers in muscle are connected to Z-
membranes forming the end of sarcomeres; the motion
of the myosin heads on the actin fibers results in ten-
sion of the myosin strands, contraction of the sarcom-
eres, and of the muscle fiber [15]. The myosin fibers are
approximately 154 m long, exert a force of ~ 5 pN per
attached head, the step-size is 5.5 nm and there is one
step/ATP-ase reaction.
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Figure 1. Schematic of kinesin carrying cargo along a mi-
crotube.

The mechanisms responsible for the transport of
both kinesin and actin has been the subject of con-
siderable discussion in the literature. The conventional
view has been that myosin transport takes place via a
‘lever-arm swinging’ model, while actin transport takes
place via ‘hand-over-hand’ motion [16].
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Figure 2. Schematic of myosin movement resulting in mus-
cle contraction.

Recent experimental results have however cast
doubt on the validity of these models. Ishii and
Yanagida showed [17] that processive transport can be
observed in myosin subfragments which are without the
full mechanical ‘lever-arm’ component, indicating that
the ‘lever-arm’ model cannot adequately explain the
mechanism of the observed motion. Similarly, Okada
and Hirokawa developed a mutant superfamily of one-
headed kinesin, also capable of processive transport
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[18]. Their result suggested that the ‘hand-over-hand’
motion cannot adequately explain the mechanism of the
observed motion. The conventional mechanical models
thus apparently failed to explain the details of the ob-
served processive transport.

It has now been proposed that both in the case of
actin and of myosin, the mechanism for the observed
‘motion without force’ is the biased Brownian ratchet
[19,20]; that is, essentially the same mechanism which
is responsible for the anomalous threshold reduction in
the Janossy effect, and, as we argue below, for pho-
toalignment by dyed photosensitive alignment layers.

1.2 Motors and diffusive transport

In view of considerable recent discussion of molecu-
lar motors in the literature, it is interesting to inquire
into the definition of a motor. We note that even con-
ventional motors have the feature that they give rise to
‘motion without force’. For example, in the road-car
system, the car typically moves, not as a results of an
externally applied force, but because the motor of the
car causes one part of the system (the road) to exert
a force on the other (the car) without any momentum
transfer from outside the system. A working definition
of motor may therefore be: that wich causes motion in
a system without momentum transfer from the outside,
or, alternately, a machine that uses energy but not mo-
mentum to drive a current.

Diffusive transport is the name given to model pro-
cesses [21] which can drive a current of particles against
an opposing viscous force. Unlike in conventional mo-
tors, intertia does not play a role. One early example
of diffusive transport is the beautiful model proposed
by R. Landauer [23], which has become known as Lan-
dauer’s Blowtorch. Here particles experience a spatially
periodic symmetric sinusoidal potential as well as a pe-
riodic temperature field, as shown in Fig. 3.

Since the temperature is shifted relative to the po-
tential, particles near the left side of the valleys are
at a higher temperature than those near the right;
consequently they are more likely to be thermally ex-
cited over the potential barrier and diffuse to the left.
The heat source in this arrangement therefore drives
a steady current of particles against an opposing vis-
cous force; the current flows without momentum trans-
fer from the outside.
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Figure 3. Landauers’s Blow torch. Particles experience
a static sinusoidal temperature field: the temperature is
shifted A/4 relative to the potential.

A schematic of the translational ratchet of Astu-
mian [11] and Prost [12] is shown in Fig. 4.
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Figure 4. Schematic of the translational ratchet.

F= / {—K[(v-ﬁ)2 +(V xn)%] - Ac(h-

where K is an elastic constant, the dyad Aeni is the
anisotropic part of the dielectric tensor, E is the ap-
plied electric field, W is an anchoring strength and N
is the easy axis of alignment at the surface. In a sample
of linear dimension R, the first term on the r.h.s. de-
scribing the energy cost of a non-uniform director field,
is proportional to R, while the last term describing sur-
face interactions is proportional to R?. Consequently,
in large samples (R > K/W), in the absence of fields,
surface interactions dominate and determine the orien-
tation. From Eq. (1), the torque per volume due to a
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When the asymmetric potential is turned OFF, par-
ticles diffuse evenly in both left and right directions,
and the net current is zero. When the potential is
turned ON, the particles undergo directed diffusion un-
der the influence of the potential, resulting in a net
current to the left. A salient feature of the ratchet is
a spatially periodic asymmetric potential which is peri-
odic in time. The process is diffusive rather than inter-
tial; the potential drives a current against an opposing
viscous force. Turning the potential ON and OFF re-
quires a transfer of energy, but not of momentum.

We now consider the Janossy effect (bulk pho-
toalignment) and a photoinduced twist experiment in
more detail, and argue that the key underlying process
is an orientational ratchet mechanism.

II Liquid crystals

Liquid crystals are anisotropic fluids, characterized by
orientational order of the constituent molecules. They
are responsive ‘soft’ materials, since their inherent
anisotropy provides a mechanism of coupling to fields,
and their fluidity allows a large response.

Molecules of nematic liquid crystals prefer to be par-
allel; the direction of average orientation of the molecu-
lar symmetry axes is described by the unit vector direc-
tor field. Nematics with positive dielectric anisotropy
also prefer to align with an applied electric field; this
effect plays a key role in liquid crystal displays. Molec-
ular anisotropy also results in direction dependent sur-
face interactions.

The free energy density, in the one elastic constant
approximation, is given by [22]

E)2dV — /W(N-ﬁ)sz (1)

static electric field is given by
I'bc=Ac(i-E)faxE=D x E (2)

When the director is parallel to the electric field, the
torque vanishes.

If light is propagating in the liquid crystal, the
torque density due to momentum transfer from light is
the anisotropic part of the Maxwell stress tensor; this
gives the direct optical torque

FOPT =DxE (3)
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whose form is the same as in the static case.

I1.1 Experimental observations

I1.1.1 Optical reorientation in the bulk

The optical Fréedericksz transition. If plane polarized
light is normally incident on a nematic cell where an-
choring conditions are such that the director is normal
to the cell walls, then, above a threshold intensity, the
director tends to align along the electric field; that is,
along the direction of polarization of the light. This
is the optical Fréedericksz transition. A schematic is
shown in Fig. 5. Due to anisotropy, D is not parallel
to E, and the ray is deflected. Angular momentum is
transferred from the light to the liquid crystal.
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Figure 5. Schematic of the optical Fréedericksz transition.

The optical torque I'opr is balanced by the elastic
torque
Terast = Ki x Vi (4)

in good agreement with experimental observations [24].

The Janossy Effect. In 1990, Janossy showed that if
a small amount (< 1%) of a dichroic dye is dissolved
in the liquid crystal, the threshold intensity for the op-
tical Fréedericksz transition can be reduced by up to
two orders of magnitude [9]. The anomalous reduction
of the threshold intensity is the Janossy effect. In the
Janossy effect, the elastic torque remains essentially the
same as in the pure material, since the elastic constant
is not affected significantly by the presence of the small
amount of dye [10], however, since the threshold inten-
sity is reduced by some two orders of magnitude, the
direct optical torque is correspondingly reduced. Since,
as pointed out by Janossy [10], the direct optical torque
is not sufficient to overcome the elastic torque, a differ-
ent source of torque must exist.

I1.1.2 Optical alignment at surfaces

Photoalignment.
Since surface interactions often determine the ori-
entation of the director in the bulk, surface alignment
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is of great practical importance. In most liquid crystal
displays, thin mechanically buffed polymer layers es-
tablish surface alignment of the director. Because of its
potential for display and optical memory applications,
the photoalignment of liquid crystals by photosensi-
tive alignment layers generated a great deal of interest.
One irreversible scheme uses polarized light to achieve
direction-selective cross-linking [25,26] or breaking of
polymer chains [27]. A reversible scheme uses a photo-
sensitive alignment layer where dye molecules are either
covalently attached to the substrate surface [28] or in-
corporated into a polymer matrix [29]. Here polarized
illumination alters the orientation of the chromophores,
which results in the change of the direction of the easy
axis. This latter scheme shows considerable potential
for applications [30], the photoinduced twist experiment
discussed below makes use of it.

Azo dyes

Azo dyes are compounds containing -N=N- (azo)
groups which are linked to various organic groups (sub-
stituents) through sp® hybridized carbon atoms [31].
With respect to both production and variety, azo dyes
are by far the largest group of commercial colorants.

Due to the presence of the lone-pair electrons on
the nitrogens, the azo bond, although planar, is not
linear. There are two stereo isomers of azo compounds,
depending on the relative position of the lone-pairs and
substituents as shown in Fig. 6. Interestingly, al-
though azo dyes were commercially produced as early
as 1861, the trans-cis isomerization was discovered by
G.S. Hartly only in 1937.

Trans

(@)

Figure 6. Trans- and cis- isomers of azobenzene. (The
empty circles on the doubly bonded nitrogens indicate the
lone-pairs electrons.

The elongated trans-isomer is thermodynamically
stable, while the higher energy cis-isomer is metastable.
The lowest energy optical excitation of azobenzene
derivatives promotes non-bonding lone-pair electrons
to anti-bonding =-like molecular orbitals, and is des-
ignated as (n,7*) transition. The next higher energy
excitation induces a (w,7*) transition. Following the
excitation, a transition between the two isomeric forms
is possible. In general, there are two pathways avail-
able for the isomerization; rotation and inversion. The-
oretical calculations predict that whether the isomer-
ization takes place through the rotation or inversion



956

mechanism is greatly influenced by the nature of the
substituent groups and by the excitation energy. Re-
cent results of femtosecond spectroscopic measurements
support the idea that (n,7*) excitation of azobenzene
leads to isomerization via inversion at one of the nitro-
gen atoms [32].

Due to the nature of the process, there are three
properties that change upon isomerization: absorption,
dipole moment and geometric dimension. These light
induced changes lend azobenzene containing materials
great potential in applications requiring photorespon-
sivity. Possible applications range from image and
information storage to biological applications such as
photoregulation of enzyme activity.

When a small amount of dye with elongated molec-
ular shape is dissolved in a liquid crystal, the dye
molecules tend to align parallel to the nematic direc-
tor. By changing the orientation of the director, say,
by applying an external electric field, the orientation
of the dye molecules can be changed as well. This so
called ’guest-host’ effect has been utilized for display
applications prior to the invention of the twisted ne-
matic display [33].

With the discovery of the photoalignment method
using azo dye-polymer systems[29], azo dyes became
subjects of renewed scientific interest in the liquid crys-
tal field.

III Photoinduced twist experi-
ment

In the photoinduced twist experiment, a nematic cell
with one mechanically buffed and one photosensitive
alignment layer is irradiated with polarized light. Al-
though the polarization is along the initially uniform
director field, which is parallel to the buffing direction,
the director field develops a photoinduced twist defor-
mation [13].

The sample cells used in the experiment consist of
two glass plates, separated by 20u m spacers, and con-
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taining the liquid crystal 5CB between the plates. One
plate was coated with a mechanically buffed polyimide
layer which is expected to give strong planar anchoring.
The other plate was coated with a 300A thick photosen-
sitive layer of PMMA into which the azo-dye Disperse
Red 1 has been functionalized. The chemical structure
of the photosensitive alignment layer is shown in Fig.
7.
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Figure 7. Chemical structure of the PMMA layer with the
functionalized DR1 dye.

A schematic of the photoinduced twist experiment
is show in Fig. 8. If there is no light incident on the
photosensitive alignment layer, the alignment of the di-
rector in the cell is everywhere parallel to the buffing
direction of the strongly anchoring mechanically buffed
polyimide layer. When the cell is irradiated by plane
polarized light at A = 514 nm and at 20 mW of power
from a CW Ar+ laser, with polarization parallel to
the director, a twist deformation develops in the cell
as shown in Fig. 8.

=== nematic strong anchoring

photosensitive
- alignment layer

Figure 8. Schematic of the photoindicated twist experiment.
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To measure the twist, a pump-probe arrangement
was implemented; a He-Ne laser illuminating the sam-
ple between crossed polarizers was used as the probe.
The experimental setup is shown in Fig. 9.

Polarizer

Ar laser Shutter
A
Q Analyzer
Detector
— |

Figure 9. Schematic of the experimental setup.

When the cell is in the uniform planar state, the
detector receives no signal, since the polarizer and an-
alyzer are crossed. As the photoinduced twist develops
under the influence of the pump beam, the transmitted
intensity increases; the transmited intensity thus gives
a measure of the twist in the cell.

ITI.1 Remote experiment on the Web

Equipment has been set up at the Liquid Crystal In-
stitute at Kent State University which allows the pho-
toinduced twist experiment to be carried out remotely,
via the World Wide Web. Any user with Internet ac-
cess and a Web browser can access the experiment at
http://experiment.lci.kent.edu. In addition to obtain-
ing access to background material describing the ex-
periment and the equipment, remote users can control,
in real time, the shutter, the pump polarization and
the pump intensity. They can also obtain the signal
from the detector as well as real video images of the ex-
periment. A typical frame, showing the user interface,
detector signal as function of time and video frame of
the equipment is shown in Fig. 10.

The data shown in Fig. 11. is the intensity at the
detector, in response to pump beam turned on at t = 0,
with polarization parallel to the mechanical buffing di-
rection on the back plate. The pump beam was shut
off at t =110 s.

ITI.2 Experimental results and discussion

Without photoexcitation, the cell adopts the uni-
form planar state, with the director everywhere paral-
lel to the buffing direction of the mechanically buffed
polyimide layer. As the plane polarized pump beam,
with polarization parallel to the buffing direction, is
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incident on the cell, a twist deformation develops, as
indicated by the increased intensity detected by the de-
tector. Typical signals obtained in the experiment are
are shown in Fig. 11.

Characteristics of the signal are a finite induction
time, followed by rapid and pump-intensity dependent
increase in the twist which tends to saturate; this is
followed by slow decay of the twist as the pump beam
is turned OFF.

We note that when the pump beam is turned ON,
the direct optical torque D x E on the director is zero;
hence the twist cannot be caused by the direct optical
torque. Second, we note that the surface torque density
acting on the nematic to produce twist through an an-
gle 0; is ~ 6K /d where K is an elastic constant, and d
is the cell thickness. The intrinsic angular momentum
current density of the pump is IA/c , where I is the
intensity, so if torque to cause the twist were to origi-
nate from angular momentum transfer from the pump
beam, it would require power

Kc
P~ Ht’u}gm (5)
where w, is the beam waist. Estimating 6, = 7/2,

w, = 1 mm, K = 107N, we obtain P ~ 400 mW.
Experimentally, however, P = 20 mW, and it is clear
therefore that the torque causing the twist cannot orig-
inate in angular momentum transfer from the pump
beam.

We therefore consider a Brownian ratchet descrip-
tion of the dye dynamics.

IV Orientational Ratchet Mech-
anism

A salient feature of motors is that they produce mo-
tion in a system without angular momentum transfer
from outside. Since in both the bulk and surface align-
ment experiments discussed above the liquid crystal di-
rector reorients essentially without angular momentum
transfer from light, there is “rotation without torque”,
similar to “motion without force” in the translational
ratchet schemes of Astumian [11] and Prost [12] It is
possible to interpret the results of the photoalignment
experiments in terms of a Brownian ratchet mechanism.

Photoexcitation and interactions between the
dye and the liquid crystal host Since the observed
anomalous photoalignment behavior arises due to the
presence of dichroic dye molecules, it is useful to con-
sider the photoexcitation of the dye and its interactions
with the nematic host. The absorption cross-section
of dichroic dye molecules is orientation dependent. In
the simplest case, there is a single absorption dipole in
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the dye molecule with direction Ia, and the absorption
cross-section has the form
s a2
oc=0,(la-E) (6)
where E is the direction of polarization of light. Af-
ter photoexcitation the dye molecule will be in an ex-
cited state with a finite lifetime, and will decay back
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to the ground state. Dyes such as anthraquinone[10]
show such behavior. Azo-dyes are often used in pho-
toalignment; these [34] and some others [35] undergo a
trans-cis isomerization on photoexcitation. The details
of this process are complicated , however, a simple two
state model is sufficient to capture many of the essential
features.
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Figure 10. Typical frame form the Web-based remote photoinduced twist experiment showing the user interface, detector

signal and the experimental setup.
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Figure 11. Intensity measured at the detector with pump ON and OFF.

The anisotropy of dichroic molecules results in
anisotropic interactions with the liquid crystal host,
similar to interactions between the nematic liquid crys-
tal molecules. If symmetry axis of the molecule is along
the 14 direction, to lowest order, the effective potential
experienced by the dye in the nematic field is of the
form

U=-U,(q4-0)2 (7)

where U, is a (positive) interaction strength. A key
point here is that the strength of the interaction be-
tween the liquid crystal and dye in the ground (¢rans-)
state differs from that in the excited (cis-) state. Fur-
thermore, the mobilities of the dye in the ground and
excited states are expected to be different; this has been
shown experimentally [36].
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Landauer’s Blowtorch: Orientational version
In the original version of Landauer’s blowtorch, since
the temperature is shifted relative to the potential, par-
ticles near the left side of the valleys are at a higher tem-
perature than those near the right; consequently they
are more likely to be thermally excited over the po-
tential barrier and diffuse to the left. The heat source
drives a steady current of particles against an oppos-
ing viscous force; the current flows without momentum
transfer from the outside. The anomalous photoalign-
ment results can be interpreted on this basis.

In the simplest approximation, the dichroic dye
molecules feel a nematic potential of the form

U(#) = —U, cos(f) (8)

where 6 is the angle between the nematic director i and
the symmetry axis Iq of the dye molecule. (Here it is
assumed that the interaction between the liquid crystal
and the dye in the ground state is the same as in the
excited state.)

S

Figure 12. Landauers’s Blowtorch: orientational version.

The optical power Pgopr(6) absorbed by the dye per
unit time from the polarized light is proportional to the
cross-section, and is hence orientation dependent;

POPT(Q) = —Po COS2(0 - GOPT) (9)

here 8o pr is the angle between the polarization and the
director. One may regard the photoexcitation as play-
ing the same role as temperature. Dye molecules near
the left side of the valley (that is, with absorption mo-
ments nearly parallel to the polarization of the pump
beam) are more likely to be excited over the barrier and
diffuse to the left (that is, rotate towards the nematic
director). Light drives a steady orientational current
of dye molecules against an opposing viscous torque;
the current flows without momentum transfer from the
outside. In the steady state, the dye exerts a steady
torque on the nematic director, causing the reorienta-
tion, which is balanced by elastic torques. The dye
molecules rotate steadily, the torque exerted on them
by the nematic field is balanced by viscous torques.
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The Flashing Ratchet:
The anomalous photoalignment results may also be in-
terpreted [8,13] in terms of an orientational version of
the the translational ratchet of Astumian [11] and Prost
[12]. A schematic is shown below

Orientational version

u(9)

0
U=0

0
u(6)

0

Figure 13. The orientational version of the flashing
ratchet.

The dye molecules in one state (say the photoex-
cited state) feel the nematic potential U, and rotate to-
wards the director. When they are in the second state
(say the ground state) they no longer see the potential,
and they undergo orientational diffusion. The poten-
tial is made effectively asymmetric by the orientational
selectivity of the photoexcitation; dye molecules whose
absorption moment is parallel to the pump polarization
are preferentially excited. If the pump polarization is
not orthogonal to the director, the torque on the excited
dye molecules will have the same sense, resulting in a
net orientational current. The potential is effectively
turned off by the spontaneous decay from the excited
state to the ground state.

It is worth noting that it is possible to analyze the
flashing ratchet in terms of Markov processes [37].

V A Fokker-Planck Model

Dye mediated optical reorientation in the bulk
The model describes the time evolution both of the di-
rector and of the dye orientational distribution. The
starting point for deriving the dynamical equations
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is the free energy. The energies of the excited and while for the cis- isomer it is
ground states are considered separately; the energy of

the trans- isomer is

~

U, = —Uo(lq - 0)? (11)

The number density of the trans-isomer is p; (1) while
the number density of the cis-isomer is p.(la). The free
energy of the bulk dye-liquid crystal system is

1
F= /{/’tUt + kT pr + pelUe + pekT Inpe + SK((V - 8)° + (V x 6)*)}d*rd (12)

where dQ = 47d?14 is the normalized element of solid angle. The chemical potential gradient drives the orientational
dye current; from Eq. (12), for the trans-isomer, this is

Jt = —DtVth — Dtpt(VQUt)/kT (13)

while for the cis-isomer, it is
Je = —D:.Vape — Depe(VaUe)/ET (14)

where Vg operates on the unit sphere. The dynamics is given by the equation of continuity, together with annihi-
lation and creation terms due to photoexcitation. This gives, for the trans-isomer,

9pt

5 = Va - [DiVapi + Dipi(VoUi) /KT = pifi + pefe (15)
and for the cis-isomer 5
% =Vq- [DCVQPC + Dcpc(VQUC)/kT] - pcfc + ptft (]‘6)
where s
fi = fro€"/*T 4y (14-E) (17)
and ~ A2
fe = feotV/*T 4+ 1. (14-E) (18)

are transition rates, including photoexcitation. The director dynamics is also obtained from the free energy density
_7:

on oF
— =— | —dQ 19
Vot oh (19)
where v is the orientational viscosity and the integration is over the orientation of the dye molecules. This gives
o4
'ya—ltl = {K(V2h)+ <ptVaU; >a +<pcVaUs >a}(I — hn) (20)

where < > indicates averaging over the dye orientation; (I — i) is a projection operator enforcing the constraint
that 1 is a unit vector. The dye induced torque terms can be written in terms of the average orientational currents
of the trans- and cis- isomers; then

on

kT kT
- 2. M M _Aan
¥ T {K(V*°i) t< Ji > C< Je >} (I — i) (21)

The torque on the nematic director exerted by the dye
as a consequence of photoexcitation is proportional to
the average orientational current of the dye. Equations
(15), (16) and (20) are the coupled dynamical equations
describing evolution of the orientational distribution of

the dye under photexcitation in the nematic field of the
liquid crystal, and optical reorientation of the bulk lig-
uid crystal due to the dye; the direct optical torque on
the liquid crystal has been ignored.
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Optical alignment by dyed alignment layers tive dye-containing alignment layer and the bulk liquid

The model for optical alignment at surfaces is similar crystal is
to that in the bulk. The free energy of the photosensi-
|
1
F = /(prt + pfkT In pf + piU. + pikT In pf)dr?dQ + / §K((V )% + (V x 1)?))d®r (22)

here pi and p? are the number densities per area; the first integral is over the alignment layer surface area and
over the dye orientation; the second is over the bulk liquid crystal volume. The same procedure as in the previous
section gives the dynamical equation for the trans-isomer,

6 s
T = Vo -[DiVap; + Dupi(VaU)[KT) = pife + pif. (23)
and for the cis-isomer 50
e =V [DeVap: + Dept(VaU)[KT] - i fe + i f (24)
as before. The director dynamics in the bulk, ignoring the direct optical torque, is given by the usual expression
on 2 A L
T = K(V a)(I —nn) (25)
however, at the photoactive surface it is given by
on ~ ~
%a_‘t‘ = {K(NV -7+ N x V x i)+ <piVaU; >a +<pVa U, >a}(I— hn) (26)

The torque on the nematic director at the alignment
layer surface, exerted by the dye as a consequence of
photoexcitation is again proportional to the average ori-
entational current of the dye. Equations (23), (24),(25)
and (26) are the coupled dynamical equations describ-
ing evolution of the orientational distribution of the dye
in the alignment layer and optical reorientation of the
bulk liquid crystal due to the dye; the direct optical
torque on the liquid crystal has been ignored.

V.1 Computer simulations

We have solved Eqs. (23), (24), (25) and (26) nu-
merically using simple discretization and forward time-
stepping. This gives the time evolution of the orien-
tational distribution functions pf(la) and p%(lq) and
the orientation of the director fi as a function of time.
From the distribution function, the currents can be cal-
culated. Results of simulations showing the angle of
director orientation at the surface and the net current
are shown below in Figs. 14 and 15.

In the simulation whose results are shown in Figs.
14 and 15, the following dimensionless parameters were
used: Uyp = 0.5, Dy = 1.0, U,, = 0.5,D. = 0.5,
DLC = 1.0, ftO = 00, fco = 05, vy = 50, Ve = 00,
and f, = 50.0 . This corresponds to moderately strong
interaction between the trans- isomer and the nematic
field, but no interaction between the cis-isomer and the

nematic; an enhanced orientational mobility of the cis-
isomer relative to the trans-, a spontaneous decay of
the cis-isomer into the trans-, and photoexcitation of
the trans-isomer into the cis-form. By tuning these pa-
rameters, a relatively broad range of responses can be
observed, but these parameters give reasonable qual-
itative agreement with experiment. Key features are
the relatively rapid onset, after a brief induction time,
of the twist deformation, resulting from photoexcita-
tion of the dye in the alignment layer, followed by the
slow decay of the twist on removing the pump excita-
tion. It is clear from the simulation that the orienta-
tional distribution of the dye is strongly altered by the
nematic field; in the absence of photoexcitation, the
trans-isomers tend to align with the director. Photoex-
citation results in orientational hole burning, that is, in
depopulation of the trans- (and population of the cis-)
state parallel to the pump polarization, and popula-
tion of the trans- (and depopulation of the cis-) state
perpendicular to the pump polarization. As the dye
population undergoes this orientational redistribution,
the resulting torque on the director causes it to reorient,
and twist, near the photosensitive surface, towards the
predominant trans-isomer orientation perpendicular to
the polarization of the incoming pump beam. The ef-
fect of the nematic field on the dye distribution plays
an important role in determining the dynamic response
of the system.
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Figure 14. Simulation: director angle as function of time.
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Figure 15. Simulation: average orientational trans-current
as function of time.

A key feature of the response is that even after equi-
librium is reached, while the pump is ON, there exists a
steady orientational current of trans-isomers as can be
seen in Fig. 15. (For the special case considered in this
example, only the trans- isomer orientational current
enters; in a more general case, the cis- current could
also play a role.) The torque on the liquid crystal
director 1 is given by

dee = 4nx {< ptVQ Ui >a +<pcVn U. >Q}

. kT kT
= —nx {E <Jt>Q+FC < Je >Q}(27)

Due to orientation dependent photoexcitation, the dye
molecules undergo steady rotation in the nematic field,
acting as rotors of a Brownian motor. This is shown
schematically in Fig. 16.
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b dye in trans-state starts to rotate towards director
&

it exerts torque on director & vice versa

1
, as it becomes parallel to pump polarization

it is excited into cis-state, undergoes diffusion

v 3
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Figure 16. Schematic of the Brownian motor scenario.

The torque on the director originates in the nematic-
like interaction between the liquid crystal and the dye
molecules. The torque on the dye molecules can re-
sult in orientational current; in this case, viscous shear
arising from the rotation carries angular momentum to
the cell walls. As Eq. (3.1) shows, however, a torque
may be present even if the diffusivity is zero and the dye
cannot rotate, as may be the case in certain photosensi-
tive alignment layers. In this case, angular momentum
is transferred directly from the dye to the surrounding
matrix.

VI Summary

Liquid crystal systems with dichroic dyes show anoma-
lous photoalignment behavior both in the bulk and
at surfaces. When irradiated by polarized light, the
nematic director reorients against an elastic restoring
torque essentially without the transfer of angular mo-
mentum from light to the liquid crystal. The underly-
ing process is an orientational ratchet, with symmetric
potentials, but orientation dependent transition rates.
The dynamical equations are essentially the same for
both bulk and surface photoalignment phenomena; in
both cases, under photoexcitation, the dye molecules
act as rotors of a Brownian motor. Since the director
can reorient under the influence of the dye, the Fokker-
Planck description of the system consists of a system of
three coupled equations.

Dye-liquid crystal systems are amenable to experi-
mental study, and can provide the opportunity for de-
tailed comparison of experimental results and predic-
tions of Brownian ratchet models. Insights gained in
such studies would shed light on the behavior of re-
lated system, such as those in biology, and would also
be useful in technological applications. These include
photobuffing of substrates in liquid crystal flat panel
displays, optical elements and optical memory storage.
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One particularly promising area is the optomechanical
response of dyed liquid crystalline gels and elastomers.
Due to the strong coupling between orientational order
and mechanical strain, the Brownian ratchet mecha-
nism in these systems is expected to provide efficient
conversion of light energy to mechanical work for use
in applications such as light driven actuators and arti-
ficial muscles.
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