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Microconfined liquid crystals:
surface induced deformations,

ordering and fluctuations

S. Zumer, A. Borstnik, G. Skacej, P. Ziherl
Physics Department, University of Ljubljana, Jadranska 19, 1000 Ljubljana, Slovenia

and G. P. Crawford
Division of Engineering, Brown University, Providence RI 02912, USA

Abstract

Some recent results of the studies of subsurface deformations, splay-bend elasticity
and surface-induced order in confined liquid crystals are presented. The subsurface
deformations are studied using molecular description of the ordering, and Landau-
de Gennes approach is used to interpret a DNMR study of wetting transitions in
microconfined 5CB and for the analysis of fluctuations and forces in partially ordered
nematic systems.

PACS number(s): 61.30.Cz, 61.30.Gd, 64.70.Md, 68.45.Gd

1 Introduction

The phrase "microconfined liquid crystals” is a synonym for liquid crystalline systems con-
fined or constrained on {sub)micron scale within cavities with nontrivial geometry. Among
these, dispersions of low molecular weight liquid crystals and polymers with polymer con-
centration ranging from 2% up to 80% are particularly important. In 1986, Doane and
coworkers introduced polymerization-induced phase separation to form droplets within a
solid polymer binder {1]. The resulting composite material — polymer dispersed liquid
crystals (PDLC’s) — and, to some extent, also materials formed by encapsulation [2] are
characterized by a controlled droplet size distribution necessary for electro-optical applica-
tions. In the zero-field state, the composite strongly scatters light, but it can be reversibly
switched to a transparent mode by applying an electric field, which aligns the droplets
such that their refractive index matches the index of the polymer, thereby reducing the
scattering power of the material. This mechanism can be used for various electro-optical
applications such as light shutters for optical signal processing, switchable windows, large
flat-panel displays, high definition projection systems, etc. {3}
[2355)/477
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With the discovery of PDLC materials and with the growing number of their applica-
tions, microconfined liquid crystals became one of the most active fields of liquid crystal
research. Supramicron liquid crystalline droplets are most easily studied by optical po-
larizing microscopy {4], whereas in case of submicron size droplets the deuterium nuclear
magnetic resonance {DNMR) is more appropriate. Although this technique is integrative,
it can be of great help in the identification of the nematic order in cavity sizes as small
as 0.01 um [5]. The need for a well characterized confining geometry stimulated studies
on liquid crystal confined to submicrometer cylindrical cavities of polymeric or aluminum
oxide microporous membranes [6]. The walls of these cavities can be easily treated by
chemical agents, which determine the anchoring strength and the direction of the easy
axis. On the other hand, random porous materials are also becoming very popular media
for studies of the effects of random confinement on liquid crystals {7, 8, 9]. These systems
are most frequently studied by NMR techniques, light scattering, calorimetry, and X-ray
scattering.

The theoretical description of the behavior of the microconfined liquid crystals is es-
sential for interpretation of experimental studies of these rather complex systems and
for understanding of their applicability. The approaches based on statistical mechanics
usually do not go beyond the mean field approximation even for simple intermolecular
potentials. Monte Carlo and molecular dynamics analyses are still rather limited in giving
more than a qualitative insight in confined systems [10, 11]. Thus, the range of suitable
theoretical methods is reduced to phenomenological approaches, i.e., to Landau-de Gennes
theory based on either scalar or tensorial order parameter and to Frank elastic theory, in
which the liquid crystalline ordering is described by the director field.

In present review of our recent work some questions related to the surface effects
in the microconfined systems are addressed. In Section 2 the occurrence of subsurface
deformations is discussed using a simple molecular model. Ordering, fluctuations, and
forces in the partially ordered paranematic phase are treated in Section 3.

2 Subsurface deformations: a molecular picture

The first descriptions of liquid crystals in curved geometries were based on Frank elastic
energy of the director field n(r) without the divergence terms

fr= %Ku [V-n)*+ %1"22 [n-(Vxn)+ %1"33[“ x (V x )’ (1)

and with the assumption of the strong anchoring [12]. The three elastic constants corre-
spond to three independent elastic modes: splay (K1), twist (K;2), and bend (K33). In
studies of PDLC’s, it became clear that usually anchoring cannot be taken as strong and
that the saddle-splay (K'54) elasticity

Jae= ~E29 - [n(V - n) + 0 x (V x n)}, @)
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is crucial for the understanding of liquid crystalline structures in spherical cavities [13, 14].
The relevance of the mixed splay-bend (K y3) elastic contribution to the free energy

fiz= K3V -[n(V-n)], (3)

is less clear. Long ago it has been shown that nonzero K3 elastic constant leads to an
unbounded subsurface deformation [15] if stabilizing higher order terms in free energy are
not taken into account [16). The possible existence of strong although finite subsurface
deformation poses doubt about macroscopic description {17]. To throw additional light on
this question, we decided to investigate a simple molecular model.

2.1 Lattice model

We consider anisotropic molecules described by molecular directors n. The intermolecular
pairwise interaction for two molecules characterized by directors n = n{R) and n’ = n(R')
and separated by the vector r = R’ — R is modeled by

gle,Cimon'ar) = g [nn' =3 5500 el )] @

where ¢ is a parameter of intermolecular interaction anisotropy, which can be varied be-
tween 0 and 1, and C > 0 is the interaction strength. ¢ = 1 corresponds to the induced
dipole-induced dipole coupling, whereas ¢ = 0 describes the isotropic interaction of Maier-
Saupe type.

The model interaction between a liquid crystal molecule and substrate is of the same
form [Eq. (4)] but with C — Cg, ¢ = 0 and n’ — II (easy axis of the surface). This
expression resembles Rapini-Papoular-like anchoring characterized by the strength Cs > 0.
For convenience we introduce the ratio Wg = Cg/C, which measures the relative strength
of the nematic-substrate and nematic-nematic interactions.

Since we neglect the temperature effects, the equilibrium state will be characterized by
the minimum of the total free energy ( F'). To make the calculations as simple as possible,
we use a lattice model and assume that the molecules can rotate only in the planes parallel
to the zz plane, which is perpendicular to the substrate. To avoid the existence of the
easy axis in the bulk, we chose a hexagonal lattice in zz plane with layer spacing p — po
(po is a molecular dimension; ~1 nm); see Fig. 1. We consider a slab of N molecular
layers between two substrates. In the slab, the director is parametrized by the tilt angle
¢ between the director and the surface normal: n = (sin ¢,0,cos¢), where ¢ = ¢(2).
In fact, the dependence ¢ = @(z) has to be discretized according to the distribution of
molecules in the sample. The same tilt angle ¢(k) is thus assigned to all molecules in the
k" molecular layer (z = const.). Both bounding substrates are taken to have M layers
and to induce easy orientations ¢g and ¢;, respectively. In this analysis, we are going to
study only the cases with symmetric external anchoring, where ¢¢ = ¢;.

The position of each molecule is determined by a set of three numbers {e, 8,7}, which
are related to the spatial Cartesian coordinates z, v,z as follows: z = p{2a + 6(7)]/V3,
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Figure 1: The hexagonal lattice between parallel plates and the definition of the tilt angle.

y = pB and z = py. The function () is equal to 1 if  is even and O otherwise. In
this way we can exploit the summation procedures already developed for the cubic lattice
by Barbero et al. [18]. When performing the sum, we consider molecules with positions
{0,0,m} and {a, 8,7}, their directors being n and n’ tilted by ¢(m) and ¢(), respectively.
The intermolecular vector is given by r(m;a, 8,7) = p([2a + 6(7) - 6(m)]/\/§,,3,7 -m).
The total interaction energy calculated per unit surface can thus be written as

o o0

N N
E = E%EZZ Z Z 9(e,Cin(m),n(y),r(m;a, 8,7)) (5)

m=lvy=1lao=-0c B=—-0c0

0 N o

1% 3 Y Y Y 90.Con(n), Mo, x(miaBy))  (6)

p m=—M+19=1a=-c0 f=—00
N+M N oo 0o

+5 Y Y Y S 0Cma)mrmag ), (D

m=N+4+1y=1o0=-00 f=—0c0

where v = m,a = 0,8 = 0 is excluded from the first sum.

In order to be able to cover also the external magnetic field effects, the corresponding
energy F, has to be taken into account. The magnetic energy per unit surface is obtained
by summing over N of molecules with anisotropy of the molecular susceptibility x, and

volume V, [19):
N

Fn= ~§:7V0ﬂ0Xa Y [n()-H)". (8)
y=1

The magnetic field strength H is for convenience furtheron expressed in terms of the
dimensionless parameter Wy = Vop®uox. H?/2C, which measures the strength of the
magnetic field compared to the strength of nematic-nematic interactions.

The total energy of the sample F = F; + F,, is thus composed of bulk, surface and
field contributions, which compete in causing deformations in the equilibrium state. To
determine the equilibrium structure the total energy F must be minimized with respect
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to all variables ¢(k). This is accomplished by setting
oF _
0d(k)
and 9*F/8¢(k)® > 0 for every k£ € [1,N] and then solving the system of non-linear

equations (9). For an appropriate initial guess for the profile, this can be done, e.g., with
the multidimensional Newton “tangential” method.

0, (9)

First we consider a nematic slab not influenced by any field or surface interaction.
The solution for the molecular directors with the lowest energy is either planar (¢ = 1)
or homeotropic (¢ = 0.1) undistorted alignment. If possible non-nematic "solid state
solutions” with periodically modulated molecular director are excluded, one finds that
any tilted director alignment has higher energy, which we interpret as intrinsic anchoring.
It is due to incomplete intermolecular interactions close to the wall and has thus an
intrinsic origin. In Fig. 2, the energy of the undistorted sample is plotted as a function of
the tilt angle and shows both intrinsic anchoring-induced easy axes. From the parabolic
behavior close to both minima, the corresponding anchoring energy W, can be estimated
and expressed in terms of the de Gennes extrapolation length K/Wj. This length turns

0.5

F [arb. units]
e o

[
—

e=1

0 025 05 075 1 125 15
#, [rad]

Figure 2: Energy of the undistorted sample vs. tiit angle ¢g for different . All curves

have been shifted to the same starting point at ¢g = 0 rad. The sample thickness is equal
to 100 layers. No external field applied.

out to be of the order of ~0.5 nm for ¢ = 1 and ~5 nm for ¢ = 0.1. On the other hand,
experiments with real nematics yield X/W; > 100 nm. In order to be sure that this gap is
not a result of our simplified determination of the intrinsic anchoring strength we decided to
simulate the effect of the external magnetic field. Close to the wall, the sblution obtained
by minimizing F; + F, exhibits a deviation of the tilt angle from its field-determined
bulk value. This effect is caused by the intrinsic anchoring. The deformation can be
strong, if the applied magnetic field is strong enough. In the phenomenological picture we

can replace this intrinsic anchoring with the usual Rapini-Papoular anchoring, which —
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depending on the value of ¢ — favors either homeotropic or planar easy axis. Then all
director profiles can be described by means of the standard Frank elastic theory, including
this additional intrinsic anchoring term. The calculated director profiles are shown in Fig: 3
(dots). Solid lines denote the fit according to the Frank theory. From the parameters of
the fit, it is again possible to extract the extrapolation length K /Wi, which is of the same
order of magnitude for both values of ¢ as above. This thus leads to the conclusion that
rather isotropic intermolecular interactions with £ < 1 are more appropriate for studying
nematics. We expect that also the inclusion of thermal fluctuations would not change
much this estimates.

0.1
0.08

=)

o

E 006

=

<
0.04 ﬂ

W,=0.002

002 " —

2 4 6 8 10 12 14 16

k [layers]
Figure 3: Director profiles for different values of Wy o« H? (H is the strength of the
magnetic field). The direction of the field is 0.1 rad. No external anchoring is applied,

£ = 0.1. The sample thickness is equal to 31 layers.

In the next step we impose external anchoring Wg # 0 caused by the interaction be-
tween the nematic and the substrate. Now there is a competition of the intrinsic and
external anchoring, which are both restricted to a thin subsurface layer. The result of this
competition is a subsurface deformation whose characteristic length is only few molecular
dimensions. For ¢ ~ 1, which — as shown above — implies far too strong intrinsic an-
choring, the deformations can be strong. Therefore we limit further discussion to director
profiles with ¢ < 0.5 (see Fig. 4). The deformations are weak although the competing
anchorings are still rather strong. It is interesting to study how the amplitude of the
subsurface deformation A¢ = ¢, — ¢, (where @ is the resulting bulk tilt angle) depends
on the surface tilt angle ¢,. The dependences A@{¢;) for several ¢ are plotted in Fig. 5.
Only for £ <« 1 they exhibit a simple A¢ « sin2¢, dependence, which resembles the
one predicted by elastic theory including a weak K3 term and a second order stabilizing
term. We believe that instead of partially describing the behavior of A¢g in terms of K3
elasticity one can completely understand it (in the whole range of £) in terms of competing
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intrinsic anchoring and external anchoring or field alignment.

0.18 y - 3
£=0.1
0.17
B 0.16 ]
oy =03
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e=0.5
0.14 1
0.13
2 4 6 8 10 12 14
k (layers]

Figure 4: Director profiles for different €. External anchoring of strength Wg = 1 and
easy axis 0.2 rad are applied. No magnetic field is applied. The sample thickness is equal
to 71 layers.

oo A
£=0.01

A¢ [rad]

£=04

0 0.25 0.5 0.75 1 1.25 1.5
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Figure 5: The amplitude of the subsurface deformation A¢ vs. the surface angle ¢ for
different €. External anchoring of strength Ws = 1 is applied. The sample thickness is
equal to 31 layers.

Further, the results of our simulations prove a close connection between the strength
of subsurface deformation and the strength of both intrinsic and external anchoring (or
external field). The anchoring in real systems with extrapolation lengths > 100 nm indi-
cates that the effective intermolecular interaction must have a small anisotropy ¢ and that

~

subsurface deformations, if they exist, are weak.
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3 Paranematic surface induced ordering

Surface induced ordering in the isotropic liquid crystal phase is particularly important
in microconfined liquid crystals with high surface-to-volume ratio. The phenomenological
theory of nematic ordering in confined geometries has been first used by Sheng {20, 21] and
extended to more general form of nematic-substrate coupling by Sluckin and Poniewier-
ski [22]. Similar approach has also been used in studies of nematic ordering in droplets [23]
and wetting transitions in cylindrical cavities {24]. The phenomenological Landau-de
Gennes theory is based on the assumption that in vicinity of the nematic-isotropic phase
transition, the difference between the free energy densities of nematic and isotropic phase
(f) can be expanded in terms of invariants of the order parameter Q = Q(r, ) (which is a

symmetric, traceless second rank tensor)

V6

f= %A(T ~T*)trQ?* - —3—BtrQ3 + 430 (trQ?)* + %L vQ:vQ, (10)

where A,T*, B,C and L are material constants and T is the temperature. In restricted
geometries, the total free energy also depends on the interaction of the liquid crystal with

the confining material, which is often modeled by
1
Fs = —EG’tr(Q——Q,)z, (11)

where G is the strength of the interaction and Qs is the preferred value of the order
parameter at the substrate.

The tensor order parameter can be represented in a suitable base, which is spanned by 5
base tensors. For a homeotropic and uniaxial structure in planar geometry, an appropriate
base is [23]

-1 1 1
- 1 o 1 _ 1
TO_ﬁ -1 ’T—1—7; —-1 7Tl_‘\/5 1 )
2
(12)
1
T_,=4 T,=-1 1
2 75 s V2 ﬁ
1 1

The projection of the tensor order parameter onto Tg corresponds to the degree of order,
its projections onto T4, are related to the biaxiality of the alignment, and the projections
onto T4, describe the orientation of the director. In this case, the only nonvanishing
coefficient in the expansion of the equilibrium structure Q(r) = $°% _, Qi(r)T; is the
scalar order parameter Qo(r) [21].

As an illustration of liquid crystalline structures between two flat substrates promoting
homeotropic ordering, two typical equilibrium scalar order parameter profiles are shown

in Fig. 6. Below the nematic-paranematic transition temperature Ty p, the equilibrium
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structure is ordered. In the paranematic phase, which is stable at T > Tnp, the center
of the layer is isotropic, but the value of the scalar order parameter at the substrate
remains nematic-like. As the temperature is increased, the degree of order in the boundary
layer decreases. If the layer is thick compared to the nematic correlation length, Twp is
practically equal to the bulk transition temperature Tn;.

Q, T T
03} 1
N -
NP
015+ \. 1
TNP
0 .
0 S0 100
2 [nm]

Figure 6: Scalar order parameter profiles of nematic and paranematic phase in planar
homeotropic geometry for A = 0.13 x 106 J/m®K, B = 1.59 x 10% J/m%, C = 3.92 x
105 J/m3, L =9 x 1072 N, d = 250 nm, Q, = 0.3e,®e, and G = 3.1 x 107* J/m% In
this case, Tnp = Ty + 1.0238(Tny — T™).

In the following, we present some recent experimental studies of the behavior of par-
tially ordered microconfined liquid crystalline systems.

3.1 DNMR study of the orientational wetting transitions

This illustration of the importance of the phenomenological predictions is based on recent
deuterium NMR study performed by Crawford et al. [26]. The cylindrical channels (0.2 yum
in diameter) in 60 pum thick aluminum oxide (Anopore) membranes with chemically mod-
ified walls were permeated with the liquid crystal 4’-pentyl-4-cyanobiphenyl (5CB-ad;)
deuterated in the alpha position of the hydrocarbon chain. The cavity walls were chemi-
cally treated with aliphatic acids C,,Hz,+1-COOH with tail lengths from 5 to 20 carbons.
Anopore membranes with 40% porosity are an ideal host material for studies of confined
liquid crystals with integrative NMR technique.

The 2H-NMR spectra in the isotropic phase are a result of complete motional averaging
over the cylinder because during NMR measurement, the molecules migrate over a distance
large compared to the cylinder radius R. Since the cavity radius is large compared to the
nematic correlation length, the curvature effects can be neglected. So the average splitting

of the resonance lines is directly related to the adsorption parameter I' = [ Qo(z)dz and
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is for the magnetic field along the pores given by

(6v) = K%él/o, (13)
where vy is the splitting in the completely ordered nematic phase (Qo = 1) and the
geometrical factor x equals 1 for homeotropic and 2 for planar anchoring. Depending
on the behavior of the adsorption parameter, wetting is usuvally characterized as partial
if T remains finite on approaching the phase transition or complete if it diverges [23].
Experimental results, obtained by Crawford et al. [27] and presented in Fig. 7, indicate
that surfactants with n = 5, 6, and 20 exhibit partial wetting whereas those with n =
9 — 18 give rise to quasicomplete wetting. The temperature dependence of () can be
understood on the basis of Landau-de Gennes theory. The equilibrium order parameter
profiles for homeotropic director supplemented by a correction for the first molecular layer
as described in a previous work [25] yield a very good fit of the data with only two free
parameters, G and §,. The predicted temperature dependences of the surface value of the
induced nematic order parameter (Jo(0) are shown in the insets to Fig. 7. We see that the
surfactants with n = 5 and 6 correspond to the degenerate planar anchoring with negative
order parameter, which at n ~ 7 transforms to the homeotropic anchoring. The degree
of surfactant-induced paranematic order increases with increasing n until at n ~ 20 this
ability abruptly drops to zero.

T 4000 ——r
4 06 1
4 b v n=17
1500 % §0.4 ]
o i \4
e O Ry 3000
0.2 v
v v n=15 —_
— N v
N 10009 4] o n=9 T
I v o n=6 7 2000+
— 4
v o n=5 > R4
3 > v ° v
w0 % v
~ [s] V%
1000- ° %
o
0
0

Figure 7: The temperature dependence of the splitting (év) for various chain lengths of
the s_urfactant CnHan41-COOH: » = 5,6,9, and 15 (left) and n = 17,18, and 20 (right). In
the insets, the temperature dependence of the value of the orientational order parameter
at the surface is shown. Solid lines: theoretical fits (see text).

The behavior of the ordering power of the surface @, is shown in Fig. 8. The first
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transition is a consequence of the change in the preferred anchoring direction. It is caused
by the increasing thickness of the surfactant layer, which masks the aligring power of
the substrate preferring planar anchoring and augments the strength of the homeotropic
anchoring caused by surfactant itself. On the other hand, the second transition could
be understood as an ordering transition in the surfactant layer when the chain length
surpasses a critical value. The difference in the transition nature is also reflected in a
drastic jump of the coupling constant G from 6 x 1073 J/m? to 7 x 10~* J/m? at n ~ 7
and no change at the other transition.

0.20 i T
} Quasi - % I
o015 Partial | Complete { Partial _|
Wetting ; Wetting % % [ Wetting
I
|
0.0 |- ! | -
[%2]
o I I
- ! I .
0.05 {é i
|
|
|
0.00 ~——————£4r —————————— F-————
39 | |
_0'05 lllllll!lljlllllll!']lll
0 5 10 15 20 25

Carbon Number (n)

Figure 8: The preferred value of the order parameter at the surface (@;) as a function of
surfactant chain length. The three regimes of wetting behavior are separated by dashed
lines.

3.2 Fluctuations of tensor order parameter in paranematic layer

The low frequency DNMR relaxation study [28] has not been performed to such great detail
as the line splitting investigation, but it indicates a precritical increase of the relaxation
rate. The effect was explained by a relatively slow molecular exchange in the surface layer.
However, slow order parameter fluctuations in a partially ordered boundary layer should
be considered as well. Here we report on preliminary results of our study of fluctuations
based on the Landau-de Gennes approach.

To simplify the analysis, a one dimensional system — a nematic liquid crystal between
two infinite order inducing plates, parallel to the plane zy and located at z =0 and z = d
— is considered. If the hydrodynamic degrees of freedom are neglected, the dynamics of
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the nematic tensor order parameter is described by [28, 29]

n%% = AT -T")Q+V6BQ*-CQtrQ® + LV2Q, (14)
where 7 is the viscosity coefficient, typically ~ 102 Ns/m?. In case of no dissipation
of energy at both interfaces and for the surface free energy described by Eq. (11), the
boundary conditions are given by £LQ' + G Q, - G Q = 0, where + and — correspond to
z =0 and z = d, respectively, and ' denotes d/dz.

The tensor order parameter is decomposed into its static and fluctuating part Q(r,t) —
Q(r) + A(r,t), which can both be represented in above introduced base. Since the fluc-
tuations of the ordering A(r.,t) = 2?:_2 a;(r,t)T; are small, the equation of motion
can be linearized. The eigenmodes of the fluctuations are sought in form a;(r,t) =
expli(kzz + kyy)ai(2) exp(—t/1;), where t; is the relaxation time of the mode. The per-
pendicular parts of the eigenmodes, a;(z)’s, are determined by

Lot - [A(T STy - :— —2BQo + 3003} a = 0,
[+]
Lajy - [A(T - T") - 2= + 2BQo + CQ}jawy = 0, (15)
+1
Loy - [AT = T") - 2% - BQy + CQYaxs = 0,
T2

where 7! =71 ~ {;— (k2 + KZ) are the reduced relaxation rates of the modes and 7, =
2B%1/9C. The boundary conditions reduce to +La} — Ga; = 0 with + applying at z = 0
and — at z = d.

In order to determine the spectrum of fluctuations of the ordering near the phase
transition, Eqgs. (15) are solved numerically and the result is depicted in Fig. 9 (the values
of the material parameters are listed in caption to Fig. 6). For T < Tnp, the spectrum
of normal modes is basically the same as in bulk nematic phase, corrected for the absence
of the long wave length modes, which is due to confinement. Above the phase transition,
the situation is quite different. The dispersion of the higher modes can be very well
described by assuming that the system is perfectly isotropic (Fig. 9, T > Typ). However,
the elementary order parameter and director modes — just above the phase transition,
these are both significantly slower than the others — cannot be accounted for by this
simplified argument: they must be intimately related to the partially ordered boundary
layer. As shown in Fig. 10, the two slow modes are localized at the boundary layer. The
elementary order parameter mode obviously corresponds to fluctuations of the thickness of
the boundary layer and the slowest director eigenmode represents fluctuations of alignment
within the partially ordered boundary layer.

Thus, an order-inducing substrate can give rise to slow excitations in confined liquid
crystals above the nematic-isotropic phase transition temperature. These modes corre-
spond to fluctuations of thickness of the partially ordered boundary layer and to nematic
director fluctuations within this region, respectively. Immediately above the transition

temperature, the former can be significantly slower than the latter [30].
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Figure 9: The spectrum of reduced relaxation rates of the tensorial fluctuations: order

parameter (left), biaxiality (center), and director eigenmodes (right). (Only the lowest 30
modes of each kind are plotted.) The dynamics of the paranematic phase is characterized

by two slow modes (left and right, dashed line).
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Figure 10: The two slow modes in paranematic phase at Tﬁp. The lowest order parameter
eigenmode {agg) corresponds to fluctuations of thickness of partially ordered boundary
layer and the elementary director mode (a42,0) represents fluctuations of alignment in the

boundary layer. Thick line: the equilibrium scalar order parameter profile.

3.3 Forces in paranematic layers

In a recent experiment (31}, the force between two solid objects immersed in the nematic
liquid crystal has been measured using a modified atomic force microscope. Above the
nematic-isotropic phase transition temperature, the magnitude of the observed attractive
force is typically ~ 1 nN.

The liquid crystal can give rise to force, related to the substrate induced inhomogeneity
of the ordering in the sample [22], and to Casimir attraction mediated by thermal fluctu-
ations {32]. The former is expected to be short range and — as implied by preliminary
calculations — the latter has longer range. At small distances between the two objects
the nematic liquid crystal could exhibit superheated nematic and supercooled paranematic
phases and, thus, a hysteresis in both inhomogeneity-induced and Casimir forces. In the

following, soine aspects of the inhomogeneity-induced force are presented.
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The real experimental setup is modeled by a one dimensional geometry with nematic
liquid crystal sandwiched between two parallel plates. The anchoring of the molecules at
the boundaries is assumed to be homeotropic. The nematic director field is assumed to
be uniform so that the liquid crystalline ordering can be described by the scalar order
parameter Qg. The equilibrium structures are determined by minimization of the above
total free energy of the liquid crystal F = fde + Fs. The stability of the nematic and
paranematic phase depends on the distance between the plates.

The force between the two objects is given by the derivative of the total free energy of
the LC with respect to the separation of the substrates (d) [22]. In Fig. 11, its dependence

on d for 8CB is presented for various temperatures.
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Figure 11: Force between two parallel substrates as a function of d for @, = 0.5 and
G = 2x 107* J/m?. The effective area of the planes is equal to 0.36 pum?.

In Fig. 11a, T = Tn1 + 0.14 K. For small d, the liquid crystal can be found in nematic
phase only and the force is therefore a single-valued function of d. For larger separation
of the plates, both metastable nematic and stable paranematic phase may exist so that
there are two regimes of the force. Since the maximum superheating temperature of the
nematic phase in a bulk LC is Ty; + 0.16 K, the force in the metastable nematic phase
tends to a constant but nonzero value at larger distances between plates (the hysteresis
loop of the force is not closed). In Fig. 11b, T = Tny + 0.19 K is above the maximum

superheating temperature of the nematic phase in a bulk LC and the hysteresis loop is
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closed. At higher temperatures (Fig. 11¢; T = Ty + 0.39 K), the hysteresis loop disap-
pears. The discontinuity on the curve corresponds to the first order nematic-paranematic
phase transition. For temperatures few K above T (Fig. 11d), the knee disappears as
well, since the only possible state of the liquid crystal for all € is the paranematic phase.
In general, the force is attractive for small d’s and (weakly) repelling for large d’s.

The temperature dependence of the magnitude of the force for different values of
Q, and ‘G is shown in Fig. 12 for 8CB. In case of weak substrate coupling (Fig. 12a;
G = 2x 1075 J/m?, Qs = 0.3), the force decreases with temperature. For large @,
(Fig. 12b; G = 2 x 107% J/m?, @, = 0.6), the force exhibits a discontinuity, which
corresponds to the nematic-paranematic transition. If the nematic-substrate coupling is
strong (Fig. 12¢c; G = 2 x 107! J/m?, Q, = 0.3), the force between the substrates is a
nonmonotonous function of temperature. Its maximum occurs approximately 0.5 K above
Tni.
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These theoretical predictions, based on a simplified model, explain a significant part
of the experimentally observed force. However, for a complete understanding of the inter-
action of the two objects, mediated by the liquid crystal, Casimir force should be taken

into account as well.
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4 Conclusions

In the review, preliminary results of our recent studies of different aspects of surface
affected ordering in microconfined liquid crystals are presented.

In order to broaden the current understanding of the splay-bend (HKp3) elasticity in
nematic liquid crystals and the corresponding predictions of strong subsurface deforma-
tions, the nematic ordering is studied on a molecular scale. The simulations imply that
there is an intimate connection between the strength of the subsurface deformation and
the strength of intrinsic anchoring, which results {from incomplete molecular interaction
at the wall. A comparison with anchoring strengths of real nematics indicates that the
intermolecular interaction must have a small anisotropy. In such case, the resulting sub-
surface deformations are weak. As our predictions for subsurface deformations cannot be
satisfactorily explained within the phenomenological K3 elasticity, we believe that a more
microscopic description in terms of competing external and intrinsic aﬂchoring is the most
appropriate.

The usefulness of the Landau-de Gennes phenomenological theory is demonstrated in
analyzing the DNMR data on surface-induced ordering in microconfined 5CB where two
wetting transitions occur. The first one is related to the change in the preferred anchoring
direction and the second transition is associated with the chain length induced ordering
transition in the surfactant layer.

The phenomenological approach is also used to analyze the spectrum of the fluctuations
in paranematic phase and the results indicate that an order-inducing substrate gives rise
to slow excitations, which correspond to fluctuations of thickness of the partially ordered
boundary layer. Within the same theoretical framework, the forces between solid objects,
immersed in the nematic liquid crystal, are analyzed. It turns out that the force, mediated
by the surface-induced order in a liquid crystal, can exhibit a variety of different behaviors.
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