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Light-Induced Surface Sliding of the Nematic Director in Liquid Crystals
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We report the effect of light-induced sliding of the nematic director over an isotropic boundary
surface in an azo-dye doped liquid-crystal cell. We show that illumination of the cell with polarized
laser light induces transient dynamic sliding followed by permanent reorientation of the director. The
two effects are in competition and tend to orient the director along mutually orthogonal directions. The
sliding can be controlled and even completely quenched by the amount of induced anchoring energy.
A physical model is proposed which accounts for the experimental results. [S0031-9007(99)08539-7]

PACS numbers: 42.70.Df, 61.30.Cz

Light-induced anchoring and reorientation effects inshow that illumination with polarized laser light of an
liquid crystals (LC) have been the subject of intenseazo-dye doped LC cell induces both a transient dynamic
research interests in recent years [1-10]. sliding and a permanent reorientation of the molecular

Optical reorientation was originally concerned with director. These two effects are regulated by different
light fields acting on the bulk of a liquid crystal cell, physical mechanisms and occur on different time scales.
the aligning surface determining only the boundary con-The key points of our experimental observations are (i) on
ditions in the reorientation process. Gibbaetsal. [2,3] a macroscopic scale, i.e., in the frame of the continuum
recently demonstrated the surface-mediated alignment aheory, free director sliding over an isotropic boundary
nematic liquid crystals in a cell having one glass substratsurface is possible, and (ii) this effect can be controlled
spin coated with a photosensitive material. The light-and even completely quenched by the amount of anchoring
induced transformation of the photosensitive moleculegnergy induced on the surface.
coated over the surface results in the alignment of the The scheme of the experimental setup is shown in Fig. 1.
LC director perpendicular to the polarization of the im- The LC cell,20 um thick, was filled by a photosensitive
pinging light. A different reorientation effect has been re-mixture of 4’-n-pentyl-4-cyanobiphenyl LC (5CB) and
ported by Reznikov and co-workers [4,5]. They showedazo-dye methyl red (MR) at a weight concentration of
that it is possible to get an easy-orientation axis ovembout 1%. The inner surfaces of the two glass substrates
an isotropic polymer-coated surface as result of thdimiting the cell were coated by different layers. The refer-
light-induced excitation of a small quantity of azo-dye ence surfacéS,) consists of a mechanically rubbed poly-
(<1%) in the bulk of a LC cell. Here, light absorp- imide layer that provides strong homogeneous uniaxial
tion leads to a surface reorientation of the molecu-anchoring. The control surfacéS.) is an untreated
lar director towards a direction parallel to the excitingisotropic layer of polyvinyl-cinnamate-fluoride (PVCN-F)
polarization. After suitable illumination time, the light- providing a negligibly small azimuthal anchoring on the
induced anchoring becomes strong enough to produce pesecond boundary. The rubbed surface originally imposes
manent reorientation of the nematic director. This effechomogeneous planar alignment of the LC molecules in
has been exploited to record high-resolution intensity [6the cell.
and polarization [7] holographic gratings in liquid crystal. The exciting polarized beam from He-Cd lager =

These results stimulated an interest to investigate the.442 um; P = 1 mW) was focused on the cell from the
possibility of getting free surface sliding of the nematicsize of the control surface by the lefis. The director
director under the control of the incident light. In the reorientation over this surface was detected by checking
paper of Marusiiet al. [8], the authors interpreted the the polarization state of a He-Ne laser probe bdan=
observed molecular reorientation close to the isotropi€).638 um; P = 0.1 mW) crossing the cell from the side
control surface as an effect of director sliding. However,of the reference surface. The electric figlg of the probe
the impossibility of changing the anchoring energy in theirbeam was set parallel to the initial director orientatipn
experiment did not allow one to establish definitively theand the signal transmitted through an analyzer crossed to
actual nature of the phenomenon. it was detected. In this geometry, any rotation of the

In this paper we report the first clear demonstration ofmolecular director (up to 99 over the control surface
the effect of molecular director sliding over an isotropicled to an increase of the transmitted signal. In fact,
surface endowed with very weak anchoring energy. Wen our experimental conditions the Mauguin regime was
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FIG. 1. (A) Experimental setup: Land L, lenses; BS, beam . .
splitter; A/2, half-wave plate; LC, liquid crystal cell; F, filter; in the absorption band of the dye [12]. Because of the
A, analyzer; P, photodetector; C, computeB) Detail of the  very small anchoring energy, the LC molecules over the
LC cell: S., control isotropic surfaces,, reference rubbed jsotropic surface rotate quasifreely away from toward
surface;e is the polarization vector of the incident lightfield. 5 direction perpendicular to the exciting electric field.
Because of the strong anchoring imposed by the rubbed
realized and the fieldE, followed the directorn(z) surface, this reorientation results in a twisted director
while propagating through the cell [9]. The intensity  configuration in the bulk. This effect is not permanent
measured by the photodiode after the analyzer is thebhecause the cell spontaneously recovers its initial planar
given by the Malus law [10], i.ed; = Iysir? #, where  configuration after the exciting beam is switched off.
0 is the angle between, = n(0) andng, and/ is the The behavior of|6(¢)| after the initial rise is a con-
intensity of the probe beam before the analyzer. At thesequence of the anisotropy induced by the light on the
beginning of the experimeni. was parallel ton, and  control surface, which results in the formation of an easy-
I, = 0. Irradiation of the cell resulted in the appearanceorientation axis parallel to the exciting field [4,5]. The
of a signal on the photodetector while the directiomgf most probable mechanism responsible for this process
over S, did not change during illumination, as revealedseems to be the adsorption on the isotropic surface of the
by analyzing the light-induced textures with a polarizingphototransformed MR molecules [5,6]. As the exposure
microscope. Therefore, the appearance of a signal behintne increases, the director rotates over the control surface
the analyzer indicated that the orientation wf was toward the easy-orientation axisand finally reorients par-
changed. The measurement kf as a function of the allel to it. The consequent twisted director configuration
exposure time allowed us to study the kinetics of thewhich sets up in the cell is extremely stable: no change in
director reorientation at the control surface. the irradiated area was found after several months. Surface
Figure 2 reports the dependence of the modulus of theeorientation of the LC director involves a continuous ro-
surface director reorientation angleversus the time of  tation of the director towards the direction of the exciting
exposure to the exciting light, when the anglebetween electric field, starting from the position reached after the
the incident polarizatioe andny is setto 48. The curve fast initial sliding. Accordingly, at firs® reduces cross-
exhibits an initial sharp rise, of the order of one-half aing the zero value when the directoy becomes parallel to
second, followed first by a decay to zero and then byng; then, after changing sign, it increases again up tbo 45
a second slower rise, extending for a few minutes untifi.e., the angle betwean, and the incident polarizatios).
the limiting value of 48 is reached. The initial fast  This interpretation of the experimental results in terms of
rise indicates that, as a consequence of the irradiatiom competition between sliding and capturing is confirmed
the directorn. rotates away froomy toward a direction by measurements in which the anchoring energy of the
perpendicular to the incident electric vecloiin the plane easy axis was varied by preillumination (PI) of the sample
of the isotropic surface. This behavior can be explainedefore irradiation. The inset of Fig. 2 shows tltd vs
in terms of a light-induced bulk torque which acts on ther curves measured after preilluminating the sample for
LC molecules of the cell [4,11]. The torque is caused bydifferent PI timeszy. Preillumination was achieved by
the reorientation of the dye molecules due to the transsubmitting the sample to an incident light field (from
cis photoisomerization process occurring under irradiatiotde-Cd laser) parallel tmy. This induces an easy axis
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parallel tony whose anchoring energy increases with  reorientation of the azo-dye molecules. lIts effect is a
We point out that the sliding effect occurs also duringreorientation of the LC molecules perpendiculartand
the Pl. However, being a transient phenomenon, it doethen the associated free energy contribution is minimum
not affect either the easy axis direction or the surfacavhenn is orthogonal toe. The second term in Eq. (1)
anchoring energy. This behavior of the curves at smaljust fulfills this requirement. On the other hand, the direct
to is similar to that obtained ay = 0. However, both optical torque of the light field on the LC molecules
intensity and the extension of the fast rise associatedan be neglected because of the small intensity used
with sliding progressively reduce with increasingand, in the experiments. We assume that the orientation of
finally, this feature completely disappears whghecomes MR molecules close to the surface is random in tye
larger than=60 s. As shown by the inset of Fig. 2, the plane [5] and also that their concentration within the
time Ar corresponding t@ = 0 reduces with increasing LC-PVCN interface is maintained constant by molecular
PI time. This behavior is explained by considering thatdiffusion in the bulk. The rate of adsorptiaP(r) of a
increasing the anchoring energy is equivalent to increasingye molecule depends on the probability of excitation [10]
the difficulty for the molecules to slide over the surface.and on the concentration of MR molecules near the control
Then, a lower number of molecules slide out of the excitingsurface. It depends also on the overall concentration
direction or smaller sliding angles are reached, both effectsf already adsorbed dye molecules, as suggested by the
contributing to reduce the output signal. Further increasingelf-gaining of the holographic gratings recorded with
of the anchoring energy leads to a progressive quenchintipis technique [6]. Assuming a simple proportionality
of the sliding. The complete quenching is achieved forrelation and considering that the optical transition moment
Pl times larger tharr=60 s when only the reorientation is parallel to the long molecular axis [12], the rate of
towards the exciting electric field is observed. SuchadsorptionP(r) can be written as
reorientation becomes more and more difficult with further
increases in anchoring energy, which is in agreement with P(t) = cola’ + b'eyo()E*vk(l; - ), (2)
the curveF in Fig. 2. ) _

. . . . !

A simple phenomenological model is proposed whichWnere co is the volume concentration of MRy’ and
accounts for the experimental observations. Two differenp’ aré proportionality constantsso(r) = [c,(8,1)dp is
mechanisms contribute to the director reorientation ovefhe total concentration of adsorbed MR moleculgs=
the control surface: the bulk torque due to the photoin{Sing CosB,sing sinB,cose) is the unit vector giving
duced reorientation of the MR molecules, which favors gi-the orientation of MR molecules in the interfacial region
rector alignment perpendicular to the exciting polarizationnear the control surface; is the quantum efficiency of
and the surface torque associated with the adsorption of tH8€ adsorption process, akds the absorption coefficient
MR molecules, which favors alignment parallel to the inci-&long the dye molecular axis [5,10]. Because of the low
dent polarization. The competition between these effectdY® concentration, guest-guest interactions are negligible

controls the reorientation process. The total free energy dnd & can be considered independent an  We note
the system can be written as also that the linear dependence Bft) on cy is valid

only until saturation phenomena related to the adsorption
process begin to operate. Accordingly, the model does
not describe the asymptotic behavior of the reorientation
R e process with increasing irradiation time. The probability
* X](" e)’dv W] cs(B)(me - *dBdS.  tor the adsorbed dye molecules to have orientakion the
(1) control surface is proportional tg P(z, ¢, B)sing de.

where the three terms represent the elastic, the bul Within these assumptions and after integrating oyer

X ; . . o he kinetic equations far, andc,y are
reorientation, and the surface-reorientation contributions, 9 s 50

F = %K[[(V-n)2 + (V X n)*]dv

respectively. In Eq. (1)K is the elastic constant of dey(B,1) 2 2

the LC in the one constant approximation [8],= n(z) —a cola + bego(1)E“vk(l - e)7,

is the director in the bulke is the unit vector of the degolt) 5 3)
incident polarizationy (y > 0) is a quantity measuring 0 cola + beyo(t))mE vk,

the strength of interaction between MR and LC molecules,

1 = (cosB,sinB,0) is the unit vector giving the local with a = 44’/3, b = 4b'/3. The solution of the coupled
easy axis direction for the surface director reorientatiorequations (3) with the initial conditionc,(8,0) = 0
due to MR adsorptiong(3) is the anisotropic angular gives c,(8,t) = a(bm) '[exp(t/7) — 1]coS(a — B),
distribution of the surface concentration of adsorbed MRwhere 7 = (cobmvE?k)"!. If we preilluminate the
molecules, andv (w > 0) is a quantity characterizing sample for a time with light polarized parallel to the
the strength of interaction between LC and adsorbed MR axis (@« = 0) and then irradiate the cell with light po-
molecules. We point out that the bulk torque is duelarized at an angler, the angular distribution of adsorbed
to the photoisomerization process and the consequentye molecules at time (s > ¢y) becomes
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(B, a, )=, = a(bm)”{[exp(to/7) — 1]cos B + [exp(t/) — explio/7)]coS(a — B)}. (4)
Substituting Eq. (4) into the last integral of Eq. (1), one obtains the expression of surface free energy
Fg = WS{[exp(to/7) — 1]cos 0 + [exp(t/7) — exp(ty/7)]cos(a — 6)}, (5)

where W = wa/2b and S is the area of the controlI 2WLK ~'[exp(t/7) — expty/7)] are the anchoring pa-
surface. According to Eg. (5), preillumination resultsrameters angt = yocy.

in the formation of an easy axis parallel to and Equation (6) provides a satisfactory reproduction of the
characterized by anchoring energy density proportional texperimental results. The first term describes reorienta-
Wlexp(to/7) — 1], whereas the following exposure to the tion perpendicular to the light polarizatigd < 0) while
exciting light produces an easy axis at an anglewith  the second term describes reorientation towards the ex-

anchoring energy density proportional W[exp(z/7) —  citing polarization (6 > 0); # = 0 corresponds to the
exp(ro/7)]. This latter increases with time, and the mutual compensation of the bulk and surface torques.
resulting easy axis direction turns fraig to e. Figure 3 shows the best fit of Eq. (6) to the experimen-

To get a solution in closed form, we restricted thetal data atry = 10 s; the values of the fit parameters
analysis to the limit of small reorientation angles andare yoc,0L?/K = 0.159, 71 = 0.522's, 7 = 51.356 s,
assumed the light field in the cell to be constant. TheWL/K = 0.314. Similar good quality fits were obtained
validity of this assumption can be justified (as far as smalfor the other PI times, with only slight differences in the
reorientation angles are involved) on the basis of the resulfit parameters. By assuming a typical value of the elas-
which we got with alternative approaches, such as théic constant for nematics [ =~ 10~'! N/m and taking
solution of the Maxwell equations in the Mauguin limit or L = 20 um, the valueW =~ 1077 J/m? is obtained for
the geometrical optics approximation. We also assumethe surface anchoring energy density, which is in agree-
that the bulk concentration of reoriented dye moleculesnent with previous determinations in similar LC cells
(i.e., oriented perpendicular to the light polarization) varieg5,7]. As shown in the inset of Fig. 3, Eq. (6) also re-
with time asc, = c,o[1 — exp(—¢/71)], where 7y <  produces the reduction dfs with increasingy,. The dif-

7 and bothc¢,o and 7, depend on the intensity of the ference in the slopes between the experimental and the
incident electric field. Finally, we limited our analysis theoretical curves could be due to secondary additional
to the experimental geometry, i.e., we pat= 7/4. effects, such as surface viscosity or irreversible changes
Within these assumptions, minimization of the total freein the conformation of MR molecules, which have been
energy, linearization of the Euler-Lagrange equation, andheglected in our simple mode.
the solution with the appropriate boundary conditions gave In conclusion, we have demonstrated the possibility
Yocu L2 1 &(1, 10) of light-induced frt_ae _dirgctor sliding over an_isotropic
0(t, 1) = — 22 - 2000 (6) boundary surface in liquid crystals. The additional pos-
K 1-26(w) 1-26() sibility shown, of regulating the dose of the anchoring
where & (ty) = 2WLK ~'[exp(to/7) — 1]and & (t,t9) =  energy under the control of the incident light, seems to be
very attractive for all of those applications where the op-
erational characteristics of the devices are determined by
25 T ———r this quantity.
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