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Confinement Effects on the Collective Excitations in Thin Nematic Films
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The influence of confinement on the spectrum of collective excitations in ultrathin nematic layers
of octylcyanobiphenyl is studied, using quasielastic light scattering in planarly and hybridly aligned
films. Both systems show confinement-induced relaxation rate gaps in the originally gapless spectrum
of director fluctuations. On the mesoscopic scale, the magnitude of the relaxation rate gap scales as the
inverse thickness of the nematic layer and can be very well described by a Landau—de Gennes theory,
in which the boundary conditions play an important role. [S0031-9007(98)05324-1]

PACS numbers: 61.30.Eb, 68.10.Cr, 78.66.Qn

The question “What happens with the structure andetween two flat walls, separated by a mesoscopic dis-
dynamics of a liquid crystal near a confining surface?"tance. What is important and new in our experiment is
is not only relevant for liquid crystal displays (LCD’s). that we are able to exclusively investigate the influence
In a more general sense, the properties of a thin layer aff a controllable confinement on the spectrum of the ex-
liquid on a solid surface are relevant for the understandingitations, while the effects of disorder were eliminated.
of surface diffusion and melting, catalysis, lubrication,We have performed relaxation time measurements both
wetting, etc., in particular, when the thickness of theon thin uniform planar and hybrid LC layers, using a
interfacial layer approaches molecular dimensions (sequasielastic light scattering technique. We present clear
[1] and references therein). Because of the long-rangexperimental evidence that the confinement on a meso-
orientational order in liquid crystals, the length scalescopic length scale induces forbidden relaxation rate gaps
where these confinement phenomena are expected to playthe originally gapless spectrum of the director excita-
a role is much larger than in normal liquids and thereforeions. We can describe our experimental results perfectly
rather easily accessible. by a Landau—de Gennes fluctuation theory, which takes

The structural properties of liquid crystals (LC) in con- the finite size, as well as the boundary conditions, into ac-
fined geometries have therefore recently attracted a latount. As an important additional result, we are able to
of interest. For example, calorimetric and light scatter-directly determine the surface anchoring constants.
ing experiments in confined media indicate significant Let us briefly recall the predictions of the phenomeno-
confinement-induced shifts and pretransitional phenomenlagical Landau—de Gennes theory [13,14] for a thin ne-
at thel — N phase transition [2—6], and can be rathermatic film. In the one elastic constant approximation, and
well described with a Landau—de Gennes phenomenologtaking into account the Rapini-Papoular boundary condi-
cal theory [7,8]. On the other hand, our knowledge of thetions, the free energy density of a nematic film is [13]
dynamics of confined nematics [9—12] is rather scarce and
inconsistent, since most of the studies were done onrather f = fejast + fouf = %K Z (Vig)? + farr (1)
complex confined systems such as nematics in aerogels or a=xy.z
porous matrices. In these systems the effects of confinavith
ment are intermixed with the effects of randomness and

interpore interactions, which are inherent to these disor- fo,r = — %[Cl(elll -n)? + Wie;, - n)?18(z)

dered systems. As a result, the observed dynamics is still

a matter of controversy, since authors have reported a va- — %[Cz(ezn ‘1) + Wales, - n)?18(z — d).
riety of dynamical phenomena, ranging from ultraslow [9]

to ultrafast [10]. Very recently, important dynamical stud- ()
ies of more simple polar molecules in such porous medi&lere, K is the elastic constant;; and C, are the in-
have been reported [1]. plane (along the surface) an@; and W, the out-of-

In this paper, we study finite size effects on the dynamplane (perpendicular to the surface) anchoring constants
ics of collective excitations in liquid crystals confined in of the director field at the confining walls at= 0
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andz = d. The easy(i.e., preferred) directions of the g = K @+ ) + 1C +G

director field at the walls are described by the two unit vy o Y d

vectors e; and e,, respectively. For the hybrid case 1 C,Cy — (C1 + C2)?/3

there will be no in-plane anchoring at the free surface + ; K 3)

(C, = 0) (see Fig. 1). The solutions of the hydrodynamic
equations for small fluctuations of the director fieldwith y an effective viscosity.
around the equilibrium profile lead to two dispersion In this regime, the confinement is therefore reflected
branches, the so-called bend-twist and the bend-splay the onset of a forbidden relaxation rate gap that
modes. These are overdamped plane waves with iacreases with thanverse thicknesof the film. We
parabolic dispersion relation and are distinguished by theinave therefore a crossover froml 44> for a very strong
polarization properties [15]. In the following, we shall anchoring to d/d dependence at intermediate anchoring.
limit the discussion to the dynamics of the bend-splayThe increase of the nonequilibrium free energy due to
mode, which is selected by our experimental geometrya director fluctuation is then comparable to the surface
n and q (almost) parallel to the sample and almostanchoring energy. Therefore, by measuring the thickness
perpendicular to the incoming and scattered light beamdependence of the relaxation rates at a fixed wave
[see Fig. 1(a)]. Because of the symmetry breaking by th@ector, one can also directly measure the average of the
confining surfaces, there are two orthogonal solutions fotwo surface anchoring constan&, which is of great
a given wave vectoq, one corresponding to out-of-plane technological importance.
and the other to in-plane fluctuations at the surface. We have measured the spectrum of the director exci-
The confinement imposes restrictions @n the wave tations in ultrathin films of octylcyanobiphenyl (8CB) in
vector component normal to the surface, and thereforaomogeneous planar and hybrid aligned films using pho-
only discrete values ofy, are allowed in a confined ton autocorrelation spectroscopy. With this method, one
system [13]. For very strong anchoring, or for thicknessesneasures, at a given scattering wave vegpithe au-
larger than the extrapolation length, = K/C;, the tocorrelation function of the light intensity, scattered by
allowed z component of the wave vector equajs =  thermal fluctuations of the director field. Because the
(n + 1)mr/d [16], leading to al/d*> dependence of the dielectric tensore(r,s) depends linearly on the tensor
relaxation rates. On the other hand, for mesoscopia(r,?) ® n(r,?), any fluctuation of the director also rep-
distances the dispersion relation for the lowest allowedesents a fluctuation of the dielectric tensor, and this gives
value ofg, is rise to a strong scattering of light [15]. In our experi-
ment, we have used a scattering geometry that selects pure
splay excitationdn L q), and the scattering wave vec-
tor was chosen perpendicular to the confining direction
z (see Fig. 1). We calculated the scattering wave vector
using the following values for the ordinary and extraordi-
nary refractive indicesuzy = 1.5 andn, = 1.6. Our ge-
ometry selects the fluctuations with relaxation rates given
by Eqg. (3). All experiments were done in the heterodyne
10* 107 10° 100 10°  regime, due to the mixing of the signal with the elastically
® tms) scattered light from imperfections.
As a light source we used an argon-ion laser at a
wavelength of 514 nm. The light was focused onto

e, L the sample, irradiating an area of abdit um. The
T D e el _ experiment was performed in the nematic phasEyat—
P AR oo - l T = 2 K. The planar nematic films were prepared by
N o222 = ;__‘_ — N gently pressing a long focal length glass léps= 2 m)
1 against a flat quartz plate. This created a “wedge-type”
© d>der @ d<der cell (12 mm in diameter) with a continuously variable

FIG. 1. (a) A schematic picture of the scattering geometrythiCknes‘S between 0.04 artlum (+0.04 um). Both

with the uniform planar cell as the samplek; and k surfaces were coated with a thin layer of polyvinyl alcohol
denote the incident and scattering wave vector, respectivel(PVA) that was unidirectionally rubbed to give a well-

with the polarizations and . (b) Measured autocorrelation defined planar surface anchoring with parallel orientations
functions atd = 2.3 um () andd = 0.12 um (+). Solid  of the molecules at both confining surfaces. The cell

lines represent the best fit to a single, slightly stretched ; ; ; ; ; ; ;
exponential. The director orientations in thick (c) and thinWas filled using capillary action deep in the isotropic

(d) hybrid films (whereC, = 0 and W, < W;). Wall 1 phase. The hybrid layers were prepared by depositing

corresponds to the solid substrate and wall 2 corresponds 8CB on a nylon coated glass gubstrate using isopropanol
the air-crystal interface. as a solvent. Flat, pancakelike droplets (several mm
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in diameter) were formed in this way. Whereas theare clearly parabolic, as expected for a dissipative, over-
nylon surface aligns the 8CB molecules parallel to thedamped system, and the calculated value of the coefficient
surface, the molecules tend to align perpendicularly ta&K/y = (1.3 = 10%) X 107'° m*>s™! leads to ay of
the free surface. As a result, a hybrid aligned nemati¢3.4 + 10%) X 10”2 Pas (where we use& = 4.4 pN
film is formed, which is highly strained. The thickness [17]). This value ofy is close to the bulk values, reported
of these hybrid films was varied by varying the 8CB by others [18,19]. For & um film, the relaxation rate of
concentration in the 8CB-isopropanol solution. For thethe excitations goes to zero fgr— 0 leading to a gapless
thicker films, the thickness was determined by countingoulk dispersion relation. For smaller thicknesses, how-
the interference, Newton rings. Because this is noever, a gap occurs gt = 0 which increases for decreas-
possible for very small thicknesses, the thickness in thigng thicknesses. The inset in Fig. 2 shows the thickness
regime was calculated using the deposited amount of buldependence of this gap, which was obtained by extrap-
material and measuring the size of the film area. Thelating the dispersions t9 = 0. The data can be very
accuracy of this approach was checked by using it alsavell fitted to al/d dependence for thicknesses smaller
for the thicker films. than =0.5 um, giving the in-plane anchoring constant
The measured autocorrelation functions can be fitCpya(= C; = C>) = (3.4 = 20%) X 107> J/m’ for the
ted by a single (slightly stretched) exponential function8CB molecules on rubbed PVA. This value is very close
exd —(z/7)*] for all thicknesses, withs ranging from to the anchoring strengths reported by others and allows
1.0 to 0.90. Typical autocorrelation traces are giverus to calculate the extrapolation length, which equals
in Fig. 1(b) for two thicknesses. Note that even for0.14 uwm for this system. This means that the theoreti-
the smallest thicknes&! = 0.12 um) there is no sig- cal equation seems to hold up to thicknesses that are 4
nificant tail for longer delay times, indicating the ab- times this extrapolation length. This seems surprising as
sence of randomness in our well-defined geometry. (FoOEg. (3) is strictly valid only for thicknesses much smaller
d = 0.1 um, the autocorrelation signal became too smallthan the extrapolation length. However, it appears that
and noisy.) the approximated solution of the equations is quite close
The dispersion relation in the uniform cell is plot- to the exact numerical solution for thicknesses up to 2 to
ted in Fig. 2 for different thicknesses. The dispersionsA times the extrapolation length.
The inverse relaxation time as a function of inverse
thickness is shown in Fig. 3 for both the uniform planar
14 : and the hybrid films. In both cases, we observe a constant
6 { bulk relaxation rate down to thicknesses #fl.7 and
2t { ) 0.5 um for the planar and hybrid cell, respectively, and
= 4 } a clear increase inr—! for smaller thicknesses, which
[ 2 ,{/
10 | .

is in excellent agreement with the prediction of Eq. (3).
p Fitting the data to Eq. (3) and using the value foyy
T 5 s from above, we findCpya = (3.5 = 20%) X 107° J/m?.
gt d(um) {, This value agrees very well with the value obtained from
__% e the dispersion relation (Fig. 2).
6 L %J]If%—“{" i In the hybrid case, we have a nonuniform director

1t~ (kHz)

field for thicknesses larger than the critical thickness
______ {— d., = |K/W, — K/W,|, with W; the out-of-plane
——————— i anchoring constant of walli [14]. For d <d,,,

1. ,}_,_f}-—“' however, the director field becomes uniform with the
2 g - director orientation determined by the stronger anchoring
wall [see Fig. 1(d)]. Taking into account that the free
0 . L L surface aligns the molecules perpendicularly to the sur-

0 5 10 15 20 face and has no in-plane anchoring, we can again apply
S Eqg. (3) in this regime [13], but now in a simplified form
q° (um™) with C, = 0. Figure 3 also shows the inverse relaxation
FIG. 2. The measured dispersion relatiang (¢2) for differ- time as a function of the inverse thickness for this case.
ent 8CB thicknesses in a uniform planar cellf 3 um (<), Below a thickness!., =~ 0.5 um, a linear dependence is
d =044 um (+), and d = 0.26 um (0O)]. The solid line observed, as predicted by our theory. From these data
gives the dispersion relation of the bulk relaxation time withgnd the value fork /y, we can calculate the value for

K/y =13 = 10%) X 107 m*s™!. The dashed lines show o ;

the dispersion relations for thin films according to Eq. (3). The;E.hed I%plane_agch_orlr;g‘L ?g%t;ntXOflggB‘] 0n2 ”y'oh’?- hWe
inset shows thd /d dependence of the relaxation rates extrap-_In nylon = &1 = (34 * ) /m?, whic
olated tog = 0. The dashed line represents the best fit toiS equal to the value found for PVA. The experimentally

EQ. (3) withCpya = (3.4 = 20%) X 107 J/m?. determined valuél,., is close to the value found in phase
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20 T T T T spectrum of the nematic director excitations. We find
that the details of the thickness dependence of this
relaxation rate gap depend on the boundary conditions
and anchoring strengths of a liquid crystal at an interface
and are described perfectly by our Landau—de Gennes
fluctuation theory. This allows for a very accurate
and straightforward determination of the in-plane surface
anchoring constants, which are difficult to determine by
other methods.
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