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Casimir Interactions and Instability of Thin 
Nematic Films 
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aDepartment of Physics, University of Ljubljana, Jadranska 19, lo00 Ljubljana, 
Slovenia, bDepartment of Physics and Astronomy, University of Pennsylvania, 
Philadelphia, PA 191044394, USA and ‘J.  Stefan Institute, Jamova 39, 1000 

Ljubljana, Slovenia 

We review our theoretical studies of mean-field and fluctuation-induced forces together with 
van der Waals force in a thin hybrid nematic film. We focus on the stability of nematic films 
frustrated by competing surface fields. Depending on temperature, anchoring strengths, and 
frustration, the films can be either stable, or they dewet the substrate through spinodal dewet- 
ting. 

Keywords: confined liquid crystals; mean-field forces; pseudo-Casimir forces; stability of 
films; spinodal dewetting 

INTRODUCTION 

Liquid crystals confined on submicron scale exhibit a variety of interesting phe- 
nomena and are of great importance for electro-optical applications. Because 
of the high surface-to-volume ratio the effects of the confining surfaces are very 
important, although this does not necessarily imply a strongly deformed order 
parameter.[1~2] However, even a weak distortion of the ordering can result in 
a rather strong force induced by the liquid crystal because in this regime the 
fluctuation-mediated contribution to the force can be strongly amplified.13] 

In this paper we give a brief review of our recent studies of structural and van 
der Waals forces in microconfined systems with hybrid anchoring  condition^.[^^^^^] 
Using Landau-de Gennes approach and techniques developed in our previous 
s t ~ d i e s [ ~ * ~ ]  we estimate the mean-field and fluctuation-mediated (pseudo-Casimir) 
forces aa well aa the van der Waals force for thin film with frustrating hybrid 
boundary conditions. We show that the stability of such films depends on the 
delicate details of surface properties, and we find that the recently observed 
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444 A. SARLAH eta[ .  

dewetting of a thin 5CB film on a silicon wafer can be understood in terms 
of competing van der Waal~ and Casimir forces.[6]. The effects of the substrate- 
induced layering are not discussed here, however, for a special caae of a presmectic 
film they are addressed elsewhere.['] 

In the next Section the model system and theory of stability of thin f i lm are 
described in short. Then we describe the three contributions to the interaction be- 
tween the confining substrates: the van der Waals, mean-field and pseudo-Casimir 
forces. Finally, we discuss the stability conditions for thin nematic depositions 
frustrated by hybrid anchoring. 

STABILITY OF THIN FILMS 

Most microconfined liquid-crystalline systems are characterized by more or less 
curved internal geometry. The confining geometries all share a common feature: 
the curved boundary and/or the antagonistic boundary conditions result in frus- 
tration which leads to a variety of equilibrium structures controlled by either 
temperature or size of the system. Although the behavior of these systems can 
be very complex, the basic physics of the confinement-induced frustration can 
be modeled by the so-called hybrid nematic cell - a nematic liquid crystal film 
confined by two parallel substrates that induce uniaxial nematic ordering but are 
characterized by different wetting and anchoring properties [Fig. l(a)]; often one 
easy axis is homeotropic (H) and the other is planar (P). 

The force between the interfaces includes the van der Waals and the structural 
force. In planar geometry, the disjoining pressure (i.e., the force between the 
interfaces per unit area) is defined by 

where F is the sum of van der Waals interaction potential and the total free 
energy of the system in question, d is the separation between the substrates, and 
S is the substrate area. The total free energy includes the mean-field part and 
the free energy of fluctuations. 

We focus on a system that corresponds to the experimental setup used in a 
recent study of de~e t t ing [~ ] :  the model geometry consists of a slab of nematic 
liquid crystal on a solid substrate; the upper interface is free. Dynamically, the 
air-liquid crystal interface is not flat but wrinkled due to capillary waves. Because 
the disjoining pressure is different for different thicknesses which are caused by 
capillary waves the film may be unstable; the process of decomposition of such 
a film is known as spinodal dewetting. If the disjoining pressure decreases with 
the thickness, an/ad < 0, the film is stable and therefore wets the substrate, 
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CASIMIR INTERACTIONS AND INSTABILITY.. . 445 

whereas it is unstable for a l l / a d  > 0. The characteristic time of dewetting and 
the characteristic length scale of droplets depend on the slope of the disjoining 
pressure: T - l2w/d3/llR and X - ,/-, where n’ = a n / a d ;  0 is the vis- 
cosity, and 7 is the surface tension of the air-liquid crystal interface.[8] Therefore, 
by measuring these two characteristic parameters one can determine the shape 
of the interaction potential. 

In the following, the three contributions to the disjoining pressure between 
the confining substrates are discussed: the van der Waals, mean-field and pseudo- 
Casimir force. 

VAN DER WAALS FORCE 

Van der Waals interaction is a common name for the dispersion interaction, which 
originates in the pair-wise interaction of fluctuating dipoles arising from dynamic 
redistribution of electrons in molecules, and the orientational interaction which 
results from the interaction of permanent yet fluctuating electric dipoles. The for- 
mer interaction is proportional to 118, but due to the retardation effects (which 
become important at distances larger than N 5 nm) the power law approaches 
l id7 at d > 100 nm. For materials with small permanent electric dipoles and 
for distances up to 100 nm the dispersion interaction dominants over the orien- 
tational one. In the nonretarded regime, the van der Waals interaction across a 
slab of medium j (liquid crystal) separating medium i (substrate) from medium 
k (air) is given by 

where 

Aljk = Ar’O + AY>O = !kBT (“ - ‘ (ek  - €3) 
V k  4 (c, +€;I ( € k  + C j )  

(nf - nj)(ni - n:) 
(3) 

3hv, + -  
S f i  (n; + n:)l/z(ni + t~:)l/~[(n; + n:)1/2 + (n: + 7~:)l/~]’ 

Here E ’ S  are the zero frequency dielectric permittivities of the materials, n’s are 
their refractive indices at v,, and v, - 3 x 1015 s-l is the plasma freq~ency.[~1 In 
case of a multilayer system, (such as the oxidized silicon wafer covered by 5CB, 
which was used in a recent experimental study of dewetting[6]), this formula be- 
comes more complicated yet approximate, and we have calculated the van der 
Wads force using the complete Lifshitz theory instead.[”] As seen in Fig. l(b), 
because of the dielectric properties of materials used in the experimed6I (see 
Tab I) the van der Waals force is attractive for thicknesses smaller than the 
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FIGURE 1 (a) Schematic representation of the liquid-crystalline deposition 
oxidized silicon wafer and (b) van der Waala force calculated by full Lifshitz 
theory (solid line) and small-d and large-d limits (dashed and dotted lines, 
respectively). 

thickness of the absorbed layer (d < t) and repulsive for larger separations. The 
nonmonotonic behavior is due to the attractive interaction between Si0,-liquid 
crystal and liquid crystal-air interfaces and the repulsive interaction between the 
silicon-liquid crystal and liquid crystal-air interfaces. 

Silicon (1) Silica (2) 5CB (3) air (1') 
c 12.0 14.0 17.0 1 .o 
n 3.5 1.5 1.6 1.0 

TABLE I Zero frequency permittivity constants and refractive indices for the 
materials used in calculations. 

STRUCTURAL FORCE 

The phenomenological description of the nematic ordering is based on the tense 
rial order parameter Q and the associated Landau-de Gennes free energy 

f = L { (0' [O t r  Q2 - 2& tr Q3 + ( tr Q2)2] + VQiVQt 
2 

+ Xy'tr (Q-QsJ2b(z  - 2 ; )  . (4) 
i=P,H 1 

where L is the elastic constant; B is the reduced temperature such that 0 = 
0 corresponds to the supercooling limit and 0 = 1 to nematic-isotropic phase 
transition temperature TNI; and €0 N 10 nm is the nematic correlation length at  
0 = 1. In this parametrization, Q is scaled by the degree of the nematic order 
in bulk at 0 = 1. The last term is the surface part of the free energy density 
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CASIMIR INTERACTIONS AND INSTABILITY.. . 447 

described by the tensorial analog of the Rapini-Papoular model,["] and X,'s are 
the so-called extrapolation lengths. Qs, is the preferred value of the tensor order 
parameter at substrate i ;  the substrates are located at zp = 0 or ZH = d .  In 
this model, the surface interaction controls both the orientation of the nematic 
director and the degree of nematic order. Deep in the nematic phase, the tensorial 
Landau-de Gennes description can be replaced by the director picture and Frank 
elastic formalism consisting of splay, twist, and bend deformation of the director 
field.['*] 

The equilibrium configuration of the system is determined by the minimum 
of the free energy. Usually, thermal fluctuations of the order parameter are 
small, and their free energy can be considered a correction to the mean-field free 
energy. In such a case, the fluctuations of liquid-crystalline order are described 
consistently by harmonic Hamiltonian 

where b stands for any of the five independent fluctuating degrees of freedom of 
the tensor order parameter (order parameter, biaxial, and director modes)['3] and 
< is the correlation length characteristic of a particular type of fluctuations. The 
free energy of fluctuations is given by 

F c ~ s  = - k B T h  (/Db exp(-H(b]/kpT)) , (6) 

where k B  is the Boltzmann constant and T is the 
In confined nematic liquid crystals there are two sources of the mean-field 

interaction: (i) Elastic deformations of the director field cause a long-range force 
in the nematic phase, whereas variations of the degree of nematic order and bi- 
axiality result in short-range force both in nematic and in isotropic phase. (ii) In 
both phases, due to the restricted geometry the spectrum of fluctuations differs 
from the bulk spectrum, which results in additional fluctuation-induced force. 
Depending on the boundary conditi~ns,[ '~~'~l the fluctuation-induced interaction 
can be either repulsive or attractive; its magnitude depends strongly on the sur- 
face interaction. Generally speaking, the fluctuation modes constrained by either 
strong (AP,H < d) or weak (XPJ >> d) anchoring at  both substrates lead to an 
attractive force. On the other hand, the asymmetric situation with one surface 
enforcing strong and the other a weak anchoring yields a repulsive force. 

Mean-Field Force 
In a confined system, the liquid-crystalline ordering is affected by the presence of 
the external wall. Therefore, the free energy of the system is increased comparing 
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FIGURE 2 Mean-field force per unit areain a typical nematic: (a) biaxial 
(solid line) and bent director (dashed line) structure in kPa for infinitely 
strong anchorings at  both interfaces [Xp = XH + 0, 0 = 0.91 and (b) uniform 
director structure in Pa for weak anchoring at one u+interface and infinitely 
strong at  the other interface; excess order at the free nematic surface (solid 
line) and no excess order (dashed line) [e = 0, Xp = 400 nm, AH -+ 01. 

to its bulk value calculated for the system of the same volume. This thickness- 
dependent increase of the free energy is the source of the mean-field force between 
the confining substrates; the force is either attractive or repulsive. 

In a hybrid nematic cell the confining substrates are characterized by mis- 
matched easy axes, here assumed to be homeotropic and planar, respectively. 
Usually, dissimilar substrates differ in the anchoring strength as well. In such 
a system the nematic liquid crystal can be found in a variety of ordered struc- 
ture~.[*~ '~]  The common feature of all ordered structures is the repulsive char- 
acter of the mean-field force for separations above a few nanometers. The re- 
pulsion is due to the antagonistic boundary conditions which always lead to at 
least small deformation. The magnitude of the force is tuned by the anchoring 
strength at both substrates whereas its functional form depends on the structure 
in question (Fig. 2). On the contrary, it is known that the mean-field force in a 
non-frustrating nematic geometry is always attractive.['*] 

Fkom the Frank elastic theory the dependence for the bent-director structure is 
known to be roughly given by ll IX l/&, where d is the film thickness [Fig. 2(a)]. 
Within the same theory there is no mean-field force for the uniform director 
structure below the critical film thickness, d, = IXp - XHI. W i n g  into account 
all five degrees of freedom of the nematic order one can determine the non-zero 
mean-field contribution to the structural force [Fig. 2(b)]. Depending on the 
details of the induced order the force can be either repulsive or can exhibit a 
nonmonotonic behavior characterized by attraction a t  small d's. The latter case 
corresponds to the substrates that induce higher order than characteristic for 
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CASIMIR INTERACTIONS AND INSTABILITY.. . 449 

the given temperature, e.g., the excess order at the free surface of some nematic 
liquid ~ryatala.~'~] Here the turn-over between the regime of the increasing and 
decreasing force with the increasing film thickness is related to the fact that above 
certain film thickness the order at  the side with stronger anchoring is above its 
bulk value whereas it is below it on the other aide. The magnitude of that force 
is typically two orders of magnitude smaller comparing to the one in the bent- 
director case and does not play important role in the stability of the film. 

To complete the description of the mean-field force let us mention the mean- 
field force in the biaxial structure. This force is repulsive and exhibits l/& 
behavior at small thicknesses whereas at large d's the exponent of the power 
law is smaller than -2 [Fig. 2(a)]. The decrease of the range of the force is a 
consequence of the localization of the deformation when approaching the stability 
limit of this structure.['] 

Pseudo-Casimir Force 
In the vicinity of the clearing point, the equilibrium ordering in thin cells is 
biaxial and highly inhomogeneous.['] On the other hand, deep in the nematic 
phase and for samples thicker than few nematic correlation lengths the degree of 
nematic order is almost uniform and uniaxial, whereas the director field can be 
either bent (d > d,) or uniform (d < dc). In this review, we limit the analysis 
of pseudo-Casimir force to films thick enough for the ordering to be consistently 
described by the director. We assume that the homeotropic anchoring is stronger 
than the planar anchoring so that the uniform structure is homeotropic. 

The free energy of the two director modes is determined by the partition 
function [Eqn. (S)] (for details of the calculation see Ref. [4]). Neglecting non- 
director degrees of freedom the pseudo-Casimir force depends on the temperature 
and extrapolation lengths 

where K,, are the elastic constants related to the splay, twist and bend defor- 
mations, ke  is the Boltzmann constant, A = X ~ / x p ,  and x = d/d,. The above 
expression can not be calculated analytically except in a few limiting cases. For 
the finite but similar extrapolation lengths (A -+ 1) the force is attractive and 
decreases as d-3 which is a typical behavior for equal boundary  condition^,['^^^^] 

where C is the Riemann zeta function. In the case of infinitely strong homeotropic 
anchoring (A -+ 0) the system reduces to mixed boundary conditions for the 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 S

an
 D

ie
go

] 
at

 0
2:

36
 1

6 
A

ug
us

t 2
01

2 



450 A. SARLAH eta/. 

4 '.. 0.01 
2 

....... .. 
(, ..... .." 

0.5 i/ 
4 0.1 ;*-I 
-8 

-'OO.O 0.2 0.4 0.6 0.8 1.0 

d [4l 

FIGURE 3 Pseudo-Casimir force for different values of A = XH/XP; fi = 
( k ~ T / 2 d : )  (Ka/Kii + K33/K22). 
fluctuating modes, resulting in a d-3 repulsion116*16] 

In real hybrid system with both Xp and AH > 0, the fluctuation-induced force 
is attractive at small  d/dc's, then it becomes repulsive and may reach a local 
maximum before the pretransitional singularity, which is common for all combina- 
tions of extrapolation lengths in the hybrid geometry.['] At very small thicknesses 
(d /dc  <( 1) both extrapolation lengths are larger than the thickness of the cell, 
therefore both surface interactions are effectively weak resulting in an attractive 
pseudo-Casimir interaction. On increasing the distance, the fluctuation-induced 
force becomes repulsive when the homeotropic extrapolation length becomes 
smaller than the cell thickness: for XH < d < Xp, the homeotropic anchoring 
is strong whereas the planar anchoring is weak [Fig. 31. 

DISJOINING PRESURE 

The disjoining pressure refers to the total force between the confining substrates 
per unit area. As seen in Fig. 4, depending on the temperature the disjoining 
pressure is attractive for thicknemea up to 10-100 nm, whereas it is repulsive 
elsewhere. However, it is not the sign of the force that determines the stabil- 
ity of the film but rather the sign of its derivative, i.e., iXI/ad. As mentioned 
above, in real liquid-crystalline depositions the air-liquid crystal interface fluctu- 
ates due to thermal capillary waves. These wave8 destabilize the film ifLXI/ad > 0 
(d  < C).  The unstable and stable regimes are separated by a marginal thickness 
d' [Fig. 4(a)]. As we have shown, van der W d ,  mean-field, and pseudo-Casimir 
force can all exhibit this kind of behavior. However, the marginal thickness for 
the van der Waals force is in the range of few nm whereas the observed marginal 
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FIGURE 4 (a) Disjoining pressure within the liquid crystal in contact with a 
solid substrate and air (solid line) deep in the nematic phase. The dashed line 
corresponds to van der Waals force, whereas the dotted and dash-dotted lines 
depict the pseudo-Casimir and mean-field contributions, respectively. Inset: 
behavior of the disjoining pressure in the vicinity of the marginal thickness. 
(b) Temperature dependence of the marginal thickness for different A’s. 

thicknesses are an order of magnitude larger.l6I The correction due to the non- 
zero mean-field contribution is very small and slightly decreases the marginal 
thickness. On the other hand, the observed marginal thickness can be reproduced 
by including the pseudecasimir force. This proves that the pseudo-Casimir force 
plays a crucial role in the spinodal dewetting and the corresponding experiments 
can be thought of as a first experimental evidence of the fluctuation-induced force 
in liquid crystals. 

Modeling the temperature dependence of the extrapolation lengths as A, 0: 
Q-2(T),120] where Q(T) is the bulk degree of nematic order one can get the 
temperature dependence of the marginal thickness. Fig. 4 (b) shows the predicted 
temperature dependence for different values of A, 

CONCLUSIONS 

In this paper, we summarized the results of our recent theoretical studies of 
structural forces in thin hybrid nematic films and the stability of these films. We 
showed that in highly frustrated geometries the structural forces, originating in 
deformed nematic ordering and modified spectrum of fluctuations, can play an 
important role in the stability of the film. The confinement-induced features of 
the film are especially prominent in the vicinity of structural transitions. Some of 
the effects discussed have been observed in a study of spinodal dewetting of 5CB 
on a silicon substrate.I6] Further experiments are expected to reveal the shape of 
the interaction potential in more detail. 
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