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(Received February 25, 1975) 

A simple phenomenological theory is presented for the dependence of the surface tension y at 
the nematic-vapor interface in terms of the ordbr parameter Qi j .  Account is taken of the 
observations that y is often discontinuous at the nematic-isotropic transition, and that there is 
usually a preferred orientation at the free surface. The derived y is anisotropic and depends on 
the angle between the normal to the surface and the orientation at the surface. Two simple 
examples of possible distortions in the orientation are considered. Since y depends upon the 
scalar order parameter S i t  is possible to have an excess order near the surface. The value of the 
excess order and its decay depth are calculated. 

1 INTRODUCTION 

Consider the interface between a nematic liquid crystal and its vapor. As in an 
ordinary fluid, the main effect is the change in density across the interface. 
At the outer part of the surface zone there is an anisotropy in the forces 
acting on a molecule with the net force toward the bulk of the fluid. This 
gives rise to the phenomenon of surface tension. In a nematic liquid crystal 
there is a long range order, the long, rodlike molecules tend to be parallel 
with, however, no ordering of the centers of mass of the molecules. At a free 
surface the orientation tends to be fixed, often within the surface or perpen- 
dicular to it, depending on the particular material. Orientation at a well 
defined temperature dependent angle has also been reported. Thus the free 
surface tends to impose an effective torque on the molecules and hence the 
surface tension must be anisotropic, depending on the angle between the 
orientation direction at the surface and the normal to the surface. Anisotropic 
surface energies have been discussed by several The effect of the 
nematic order (as opposed to the direction of orientation) on the surface 
tension is not well understood. Experimentally the surface tension vs. 
temperature curve often shows a gap at the nematic-isotropic fluid transition 
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80 J. D. PARSONS 

temperature with the surface tension less in the nematic phase.'s6 This gap is 
superimposed on the usual linearlly decreasing temperature behavior 
observed in most organic liquids7 The effect of both the order and the 
orientation can be treated by including in the surface tension terms involving 
the tensor order parameter' 

S is the scalar order ~arameter ,~  and roughly measures the fraction of 
molecules in a small, but macroscopic volume which are aligned parallel to 
the unit vector n (the director) at the point in question. Above the transition 
temperature T,, S = 0 and at & there is a discontinuity in S so that S(T,) # 0. 
The transition is first order and a latent heat and volume discontinuity have 
been measured." The discontinuity of the surface tension at & is very likely 
due to the discontinuity in the density of the fluid across the transition. 

In Section 2 we begin by defining the interfacial zone in terms of a Gibbs' 
surface in the usual way." The surface tension y is then related to the super- 
ficial Helmholtz free energy density. To make further progress the local free 
energy must be specified as a functional of the density p and Qij.  Anticipating 
that the order will be a small effect compared to the change in density, we 
take the form of the free energy conventionally used to discuss the liquid- 
vapor interface for an ordinary fluid and add to it the simplest possible terms 
in Qij that will give the observed torque on the molecules at the surface. The 
equilibrium density profile is the one that minimizes the surface tension, 
which is the free energy of inhomogeneity per unit area. The theory gives 
explicit formulas for the equilibrium surface tension and density profile when 
the free energy is specified in terms of p and the scalar order parameter S. 

Two simple examples of the distortion in a nematic near the free surface 
are worked out in Section 3 using the anisotropic surface tension from 
Section 2. In the first example we have a semi-infinite nematic uith a magnetic 
field applied parallel to the surface. Since the molecules tend to lie parallel 
to the field, a distortion is possible if the free surfue imposes a perpendicular 
orientation provided the field is less than a critical value H,. For H < H, 
the competing torques produce an orientation at an angle Oo to the surface. 
The temperature dependence of this angle, as well as that of H, can be 
calculated from the dependence of surface tension upon S. The distortion also 
leads to a dependence of the surface tension on the magnetic field. The results 
are compared with an experiment on the nematic MBBA.l The second 
example involves the competing influences of a solid boundary and a free 
surface. A distortion is only possible if the thickness d of the nematic film is 
greater than a critical value d,. The distortion and temperature dependence 
of d, can be found and this leads to a dependence of surface tension on d. 
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NEMATIC-ISOTROPIC FLUID INTERFACE 81 

In Section 4 we consider the order parameter S near the free surface in the 
absence of orientation distortion. The equilibrium configuration is calculated 
as a function of the distance from the surface by minimizing the total (volume 
plus surface) free energy. In the nematic phase (T < q) it is shown that 
excess order can exist at the surface and this excess order is directly pro- 
portional to the derivative (dy/dS). It decays to zero within a characteristic 
temperature dependent distance estimated to be about 100 A. When the 
liquid is in the isotropic phase (T > q) it is shown that it is possible to have 
a nonzero order parameter sufficiently close to the surface provided that the 
function y(S) has a term linear in S .  Similar effects occur in some types of 
polar and associated liquids which do not have a bulk liquid crystal phase.I2 

Finally, we shall make a few remarks on the surface between a nematic 
and its isotropic melt at equilibrium at temperature 17: Because of the small 
difference in density between the nematic and isotropic phase, a stable 
boundary between them is difficult to establish. Rather what is usually 
observed is small spherical nematic drops which wander in the isotropic 
phase near the transition temperature. The surface tension between the two 
phases has recently been measured by following the growth of the nematic 
drops.I3 It is about 5 x dynes/cm. This very small value is about five 
orders of magnitude smaller than the surface tension between a liquid and 
its vapor and is due to the fact that the nematic and isotropic phases have 
about the same density. Although in principle a nonzero surface tension could 
arise between two fluids of the same density due to the change in order 
across the interface, we expect that this effect will be extremely small. 

2 THE SURFACE TENSION 

Macroscopically the interface between a fluid and its vapor appears to be 
sharp but on a molecular scale the change in density and other properties 
of the medium is continuous. The density profile near the interface looks 
like that shown in Figure 1. The distance z is measured normal to the surface 
which is located near z = 0. The thickness z of the interface is defined so that 
points z % ‘c are deep in the interior of the bulk vapor, and points z < z are 
deep in the bulk liquid. 

It is convenient to specify z = 0 as the location of an imaginary Gibbs’ 
surface such that the first moment of the density gradient vanishes: 
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82 J.  D. PARSONS 

FIGURE I The profile of the interface 

With this choice for z = 0, the surface tension is given by 

(3) 

where F is the local Helmholtz free energy density. 
The fundamental postulate of quasi- thermodynamic^'^ then asserts that 

an intensive quantity like F(z) is a unique functional of p(z) and T at every 
point. In order to do the integral in (3) we need an expression for F{p(z)] .  
In the discussion of liquid-vapor interfaces in ordinary fluids the Van der 
Waals form is usually assumed:” 

where A is a positive constant except perhaps at the liquid-vapor critical 
point. The derivative term in (4) must be present since if it were not, F(z) 
would lead to an interfacial thickness which vanishes at all temperatures, 
contrary to experiment. However there is really no convincing argument that 
terms involving higher spatial gradients of p may be dropped from (4). 
This question is discussed in Ref. 15, which also uses (4). We shall be more 
concerned with the additional terms to (4) which are present in the nematic 
phase. 
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NEMATIC-ISOTROPIC FLUID INTERFACE 83 

As mentioned in the introduction, there are two surface tension effects 
which are peculiar to the nematic phase. The first is the discontinuity in y 
at the isotropic-nematic phase transition. This implies terms in (4) involving 
the order parameter S. The second is the fact that a preferred orientation-is 
observed at the free surface. This implies a term like (n . k)2 in F where k is the 
outward normal to the surface. This latter effect must have something 
to do with the density gradient since there is no comparable effect in the 
bulk. The simplest terms coupling Qij  and V p  are 

F’ = B, (Qi jP , iP , j )  + B2(Qi jp , j l2  ( 5 )  

where (VP)~ = P , ~ .  Terms higher order in Qi j  and p , i  have been neglected. 
Also terms involving gradients of Qi j  are assumed to be small compared to 
density gradient terms. This is consistent with the very small surface tension 
between the nematic and isotropic phases. However, additional terms 
involving the scalar order parameter S may be present in 9. Using (l), we 
expand (5) and combine with (4) to give: 

where 

A‘ = A + 2B,S{(n .  k)2 - (+)} + ($B2S2{(n.&)2 + (*)> (7) 
We now minimize y with respect to p ( z )  subject to the constraint (2). 

This gives an Euler-Lagrange equation 

with the boundary conditions p(m) = pg,  p( - co) = p l .  I in (8) is a Lagrange 
multiplier which can be determined from (2). Once p ( z )  is determined from 
the solution of (8), the minimized y is then 

To evaluate (9) we must postulate a form for I,&, S). However from (7) and (9) 
it follows that y will have the form 

(10) 
where yl(S) is a function determined by $(p, S) and the two terms in (7) 
independent of (n . &),. y2(S)  has the form US + bS2 where a and b are con- 
stants. This form for y is general enough to discuss several problems in- 
volving free surfaces in nematics. The discontinuity of y at the nematic- 
isotropic transition depends upon the values of y1  and u and b. Their values 

Y = Y,(S) + y,(S)(n. b2 
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84 J. D. PARSONS 

will depend upon the molecular interactions of the particular nematic being 
studied, hence a very detailed theory would be needed to predict them in any 
given case. 

The effect of surface orientation is given by the (n &)2 term in (10). If 
y z  > 0 the surface energy will be minimized when the molecules lie in the 
surface (n - = 0). If y2 < 0 the surface energy is minimized when the 
molecules are perpendicular to the surface (n - f = 1). However the actual 
orientation is that which minimizes the total free energy: 

F , =  (Fo + F1 +FH)dV + ydo (11) I s, 
(Fo + F ,  + FH) = F is the free energy per unit volume. Fo is that part of 
F which is a local function of Q&) at point r; it depends only on S, not on n. 
F, is a function of Qij at different points in space. It is a function of ni and its 
gradient n,, and has the form proposed by Frank.16 FH is the energy associa- 
ted with an external magnetic field. From (10) we see that y is a function of ni 
only. Gradient terms in y could arise if there were a transverse spatial 
variation in n. If there are no external forces 6F = 0. Let us calculate 6F 
allowing for variations in ni and ni, j .  We have 

An application of Green's theorem reduces this to 

Thus we get 

in the volume V and 

at the interface. k j  is the outward normal to the interface. The Lagrange 
multipliers and p2 arise because n2 = 1 and they can be determined by 
multiplying both sides of (12) and (13) by n,. The equilibrium equations (12) 
and (13) have been derived more rigorously by Barrett and Jenkins? 

The same procedure may be used to derive equations which describe a 
spatial variation of the order parameter S at the surface. We find in the 
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NEMATIC-ISOTROPIC FLUID INTERFACE 85 

volume V 

(g),j - z = O 

and at the interface 

These equations may be derived independently from (12) and (13) because 
the variation 6s is independent from 6ni and ani, j .  

3 DISTORTIONS NEAR THE INTERFACE 

Examples of the distortion of orientation near a free surface have been 
discussed extensively in Ref. 4 without assuming a specific form for y in 
terms of (n . f i )2 .  However temperature effects were not discussed. Here we 
treat two simple examples using (10). 

Consider first a semi-infinite nematic in which a magnetic field H is applied 
parallel to the surface. Far into the bulk the molecules will tend to lie parallel 
to H. If y 2  < 0 in (lo), the molecules prefer a perpendicular alignment at 
the surface. Thus for a small enough field a distortion is possible and we 
might expect surface alignment at an angle 0 5 8, I 4 2  where 8, is 
measured from the free surface. The bulk free energy is, assuming equal 
Frank constants, and neglecting order parameter gradients : 

F = ($)DS2(nk, J2 - (&x,S(n - H)' (16) 

where D is independent of temperature since the Frank constants all vary 
like S2 with temperature. xa is the anisotropy of the magnetic suceptibility 
and is positive for long, rodlike molecules. We look for a solution of the form 

(17) n, = cos 8, n, = sin 8 ;  = 0 

Then the equation satisfied by O(z) is given by (12) : 

d28 
dz2 

- E ~  - + sin 8 cos 8 = 0 

where E' = (3DS/zaH2). The solution which satisfies (18) and which vanishes 
at z = -a is 

tan(;) = expr+) 
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86 J. D. PARSONS 

where c1 is an integration constant. The boundary condition (13) at the 
interface leads to, with y(8) = y1 - y2(S) sin' 8: 

3DS2 - - 2y,(S) sin 8 cos 8 = 0 at z = 0. c:) 
Using the fact that 

this gives 

where 8, is the angle at the surface. Thus B0 decreases from n/2 as the field 
H increases. Above a critical field 

3DS 2y#) .=(r) (w) 
O,, = 0 is the only solution. The temperature dependence of O0 and H ,  is 
controlled by S(T). If yz cc S the temperature dependence of B0 has the same 
qualitative form as that measured in MBBA by Bouchiat and Langevin- 
Cruchon' and shown in Figure 2. 8, increases with T and far below the 

FIGURE 2 Orientation at the free surface as a function of temperature with y,(S) oc S. 
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NEMATIC-ISOTROPIC FLUID INTERFACE 87 

transition temperature it approaches an asymptotic value of about 75". 
We can use this value to estimate the magnitude of y 2 .  With H N 2000 g we 
have E N 5 x we find that (20) gives y 2  N 

4 x dynes/cm, which is about the same as the surface tension observed 
between the nematic and isotropic phases. However, in the experiment, it 
was found that 8, was indgpendent of H for 1500 g < H < 3000 g whereas 
(20) predicts a linear dependence of cos 8, on H. Further work using a larger 
range of H would seem desirable. Finally, note that (20) implies a dependence 
of surface tension on magnetic field : 

cm. Taking 3DS N 

y(H)  increases with increasing H, but the maximum change is of order y 2  
which is quite small. Smaller yet would be a possible change in y resulting 
from the increase in the order parameter S when a magnetic field is applied. 

Next, consider a thin film of nematic introduced on top of a solid that 
maintains a perpendicular alignment of the molecules. If y 2  > 0 in (lo), 
the molecules will prefer a parallel alignment at the free surface. For a film 
thickness d larger than a critical value d, (to be determined) a distortion is 
again possible and the angle of orientation at the surface (measured with 
respect to the surface normal) will have some intermediate value 0 I 8, I 
4 2 .  We look for a solution 

n, = sin 8, n, = cos 8; 8(-d) = 0 (23) 

With the free energy given by the first term in (16), the equilibrium 8(z) that 
vanishes at z = -d is 

(24) 

An application of the interfacial boundary condition (13) with y(8) = 
yl(s) + y2(S) cos2 8 gives an implicit relation for e,,: 

A nonzero solution for 8, is possible only when x < 2. This gives the condition 

3DS2 
d > d,; d, = - 

2 Y 2  

For y 2  = lov3 dynes/cm we get d, N 100 p. Its temperature dependence will 
tell us the form of y2(S) .  Equation (25) may be solved graphically or numeri- 
cally for specific values of x. We can get an approximate analytical solution 
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88 J. D. PARSONS 

1 

FIGURE 3 Orientation at free surface measured from normal as a function of d in a thi~ 
nematic film. 

when x N 2(d 2 d,). Then Oo N 0 and (25) can be expanded to ghe 

do = (1)(2 J- - (d 2 d,) 

For x C= O(d 9 dc) we have do = 1512 and (25) gives 

(27 

Thus Bo(d) is a decreasing function of (dJd) and is sketched in Figure 3. 
The surface tension will depend upon d through 6:  

(2! 202 112 r(d) = Y1 + h2U + (1 - x 0 )  1 
Again the maximum change is of order y2. 

4 ORIENTATION NEAR A FREE SURFACE 

We consider a semi-infinite sample with the free surface at z = 0. Let u’ 
suppose that the orientation is uniform everywhere in the sample. A distortioi, 
in the scalar order parameter S is still possible, however, because the surfaca : 
free energy depends upon S. In this section we calculate this distortion. 
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NEMATIC-ISOTROPIC FLUID INTERFACE 89 

The volume free energy density can be expanded in powers of S (a Landau 
expansion) near the isotropic-nematic phase transition where S is small. '' 

F = F o  + $AS2 - ($)BS3 + aCS4 + @(VS)2 (30) 

where A = a(T - T,*) with T,* slightly below the (first order) phase transi- 
tion temperature K ,  and a, B, C,  D are positive constants. D is the same value 
as used in (16) for the case of equal Frank constants. F ,  represents the free 
energy of the isotropic phase and is, of course, independent of S. Higher 
powers of S and VS have been ignored in (30). 

The equilibrium S(z) must satisfy the Euler-Lagrange equation (14) which 
leads to a nonlinear equation : 

with the boundary conditions S = S b ,  (as@) = 0 at z = -GO. Sb is the 
bulk value (the value the order parameter would have if the fluid were 
unbounded). It satisfies 

For T I & the solution of (32) which minimizes (30) is 

ASb - BSi + Cs: = 0 (32) 

4AC 
B2 

( 1  + (1 - p)';'}; p = - (33) 

with '& = T: + (2C/9B2a). For T > & the solution which minimizes (30) 
iS s b  = 0. Thus at T = & there is a discontinuity in S b  and the transition is 
first order. 

An exact solution of (31) is possible in terms of elliptic functions but 
would be very complex. Here we will obtain an approximate solution for the 
case where the effect of the free surface can be assumed to be small. Then we 
can Write s(z) = S b  + S'(z) with S' $ Sb and linearize (3 1) in S'. The result is 

uzS' = 0 
d Z S  
dz 
~- (34) 

where a2 = ( A  - 2BSb + 3CSi) /D.  From (33) it follows that a* > 0. S' 
satisfies homogeneous boundary conditions S' = 0, (dS'/dz) = 0 at z = - GO. 
The solution is S'(z) = Soea', hence 

s(z) = S b  + S&'' (35) 
where So is obtained by applying the interfacial boundary condition (1 5). 
This gives 

d s  ay 
dz as D - + - = O  at z = O  
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90 J. D. PARSONS 

or 

Typically D z lo-' cgs and a N lo6 cm-'. Thus S(z) decays to its bulk 
value within about a micron of the free surface. The excess order at the 
surface is proportional to the derivative (ay/aS) which will be negative when 
the surface energy is lowered by the order. This will occur when the surface 
tension near the transition temperature is less in the nematic phase. For 
example suppose that y(S) = yo - ylS" where n 2 1. Equation (37) then tells 
us that the excess order at the surface will be approximately 

(38) 

For D and u as estimated before and y1 N lom3 dynes/cm, the excess order 
at the surface will be roughly 1 % of the bulk order. 

Finally, suppose the temperature in the sample is slightly above the iso- 
tropic-nematic transition so that S vanishes far from the surface. Is it 
possible to have a nonzero S sufficiently close to the surface? We can linearize 
(31) directly, assuming S(z) is everywhere small. Since A > 0 in the isotropic 
phase the solution is just 

An application of (36) leads to So = -(ay/aS)/mD. Note that we get a non- 
zero So only when y(S) contains a term linear in S. Otherwise S = 0 right up 
to the free surface. As the temperature increases both the decay depth m- ' 
and the order parameter at the surface decrease. 
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