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Layer-thinning transitions in free-standing smectic A films 
by L. V. MIRANTSEV 

Institute of the Problems of Mechanical Engineering, Academy of Sciences of 
Russia, St. Petersburg 199178, Russia 

(Received 28 July 1995; accepted 23 October 1995) 

In the present paper a discrete mean-field model for thin smectic A liquid crystal films with 
two boundary surfaces is offered. The model accounts for the recently observed phenomenon 
of layer-thinning transitions in free-standing smectic A films upon heating. In particular, the 
model predicts the observed multiple layer jumps, as well as, for films thinner than 13 layers, 
the observed power law dependence of the layer-thinning transition temperatures on film 
thickness. 

1. Introduction 
It is known that interactions between boundary sur- 

faces and both the liquid and liquid crystal (LC) molec- 
ules result in the appearance of surface layers with 
properties strongly different from those of the bulk phase 
of a liquid. For example, the liquid-solid substrate 
interface not only enhances the orientational ordering 
in nematics, but also induces orientational ordering in 
the isotropic phase of liquids having a nematic phase 
[l-61 and imposes some orientational order on non- 
mesomorphic liquids [ 71. Furthermore, the free surfaces 
of liquids and liquid crystals C8-111 and the liquid- 
solid substrate interfaces [ 1, 12,131 have an effect on 
the positional molecular order in liquids that leads to 
the appearance of interfacial layered smectic A (S,) 
structures. 

Thin LC layers with two boundary surfaces, such as 
free-standing LC films, are particularly interesting. In 
these films the effect of finite size combines with the 
surface effects. In particular, the overlap of two interfacial 
layers can take place, resulting in the appearance of 
extra phenomena. For example, Rosenblatt and Amer 
[ 141 reported an anomalously high temperature of 
existence of the SA phase in a free-standing film of 80CB 
and Heinekamp et al. [l5] observed the smectic C* 
phase ( S z )  in a free-standing film of DOBAMBC at a 
temperature significantly higher than that of the S$SA 
transition in the bulk. 

Recently Stoebe et QE. [ 161 observed a new extraordin- 
ary phenomenon in smectic A free-standing films of 
members of a homologous series of partially perfluo- 
rinated 5-n-alkyl-2- [ 4-n-( perfluoroalkylmeth y1eneoxy)- 
phenyllpyrimidines. It was found that the above the 
bulk smectic A-isotropic transition point these films 
undergo layer-thinning transitions with increasing tem- 
perature. For example, the initially 25 layer film of one 

of the above mentioned compounds, namely 
HlOFSMOPP, thinned to 15, 11, 9, 8, 7, 6, 5, 4, 3 and 2 
layers before it finally ruptured at a temperature about 
25 K higher than that of the bulk SA-I transition. It was 
also revealed that the temperature of these layer trans- 
itions are related to the film thickness by means of the 
following simple power law: 

h ( t )  - t - 8 ,  (1) 

where h is the film thickness (in units of layers), t ( N )  = 
[T , (N)  - To]/&, T , (N)  is the maximum temperature at 
which an N-layer SA film exists, T, is the bulk SA-I 
transition temperature and p w 0.74. 

A qualitative and, as will be seen later, reasonable 
explanation of the above mentioned phenomenon was 
offered by the authors of [16]. They assumed that the 
free-standing SA film thins as its interior layers undergo 
the SA-I transition at the temperature T , ( N )  and the 
interaction between the free surfaces squeezes the iso- 
tropic phase into the surrounding reservoir of sample. 
However, this qualitative speculation cannot account 
for either the observed multiple layer jumps in the 
sequence of the layer-thinning transitions or the simple 
power law (1). 

In the present paper we propose a simple macroscopic 
mean-field model for thin smectic LC films with two 
boundary surfaces. According to this model, the film is 
considered to consist of N discrete layers with thickness 
of the molecular length I .  The molecules within each 
layer are assumed to interact only with molecules of the 
same layer and those of two neighbouring layers. The 
interaction between LC molecules and the boundary 
surface is simulated by the short range orienting field. 
By analogy with McMillan theory [17] for the bulk 
S, phase in a homogeneous LC sample, the local orienta- 
tional and smectic order parameters for each layer are 
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defined. These parameters are determined by self-consist- 
ent equations. The solution of these equations allows us 
to obtain the local orientational and smectic order 
parameter profiles and the distribution of the frcc energy 
over the film layers. Investigation of this model shows 
that below a critical temperature T , ( N ) ,  ( T , ( N )  > To), 
the S, phase occurs in the film. In this phase, the local 
order parameters are different from zero in each film 
layer and the free energy profile is a monotonic function 
of the distance from the boundary surface. As a result, 
all layers of one half of the film are subjected to forces 
directed towards the first boundary surface and the 
forces acting on the layers of the other half of the film 
are directed towards the second surface. 

When the critical temperature T , ( N )  is reached, the 
N-layer S, film becomes absolutely unstable to the 
occurrence of a composite smectic A film structure (QS,) 
in which the interfacial order parameters are different 
from zero but decay very rapidly to nearly zero with 
distance from the boundary surface. The monotonic 
character of the free energy profile appears to be dis- 
torted and, as a result, the forces acting on 2-3 interfacial 
layers are directed towards the boundary surface and 
the interior layers are subjected to the forces directed in 
the opposite direction. One can imagine that the interfa- 
cial layers seek to squeeze out the interior layers, thin- 
ning the film to a stable N’ ( N ’ < N )  layer smectic A 
film. The free energy of the N’ layer smectic A film must 
not exceed that of the composite, melted, interior layer 
structure of the N layer film. Choosing a suitable value 
of a parameter determining the ‘strength‘ of the bulk 
S A P 1  phase transition, we obtained the sequence of the 
layer-thinning (25 -+ 13 +. 11 +. 10 -+ 9 +. 

8 -+ . .) very similar to the experimentally observed 
sequence. In addition, for N < 13, the relation between 
T, (N)  and N similar to experimental equation ( 1 )  is 
found. 

transitions 

2. Basic equations of the model 
As said above, we consider an LC film with two 

boundary surfaces which is assumed to consist of N 
discrete layers with thickness of the order of the molecu- 
lar length 1. The film is also assumed to  be homeotrop- 
ically oriented, i.e. the director n is aligned along the 
normal v to the boundary surfaces. The intermolecular 
interaction is simulated by the McMillan model pair 
potential [ 171 

vl’(Y12, $12) = - ( V  / n0r:7c3’2)( 3/2 COS’ 9,, - 1/2) 

x exp (- &/4)> (2) 

where V, is the interaction constant, $,, is the angle 
between molecular long axes, rI2 is the distance between 
molecular centres, r0 is the characteristic distance for the 

intermolecular interaction and no is the density of molec- 
ules. Since in the framework of McMillan theory, ro is 
assumed to be much smaller than 1 (ro << I ) ,  this inter- 
action must decay to nearly zero at a distance of the 
order of the molecular length 1 and the molecules within 
each layer can interact only with the molecules of the 
same layer and those of two neighbouring ones. The 
interaction between the boundary surfaces and the meso- 
genic molecules is assumed to be short range and can 
be simulated by certain orienting fields which act directly 
only on the molecules within the first and last film 
layers. Typically, the energies of such interactions are 
written as [18, 191 

w,(,9,) = - w0(3/2COS’8, - 1/2), 

W,($,.,,) = - W0(3/2 COS’ 8, ~ 1/2), 
( 3 )  

where &$(QN) 1s the angle between the long axes of the 
molecules within the first (last) layer and the normal v 
to the boundary surfaces of the film and W, is the 
interaction constant. 

By analogy with McMillan theory [17], we can 
expand the pair potential (equation 2) in a Fourier series 
with characteristic period I along the z-axis parallel to 
v and keep the first two terms of this expansion. Then, 
in a mean-field approximation, the single-particle 

he 

4) 

where 

CI = 2exp [-(nro/l)’], (7 )  

qi and oi are the ‘local’ orientational and smectic order 
parameters, respectively, for the ith layer which are 
determined by self-consistent equations 
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Layer-thinning transitions in S ,  films 419 

(G(zi, $i)>i = i::l)l dzi 1-T G(zi, $i)hfl.(zi,$i)d C O ~  9; 

1)1 dzi 1-y fi(zi, 9i)d cos 9i, (10) 

where fi(zi, Si) is the single-particle distribution function 
for the ith layer given by 

f i ( z i ,  S i )  = A; exp [ - K(z i ,  Qi)/KB q, ( 11) 
where Ai is the normalization constant for the ith layer, 
T is the absolute temperature of the system and KR is 
the Boltzmann constant. It should be added that in the 
derivation of equations (4 j-( 6 ) ,  we assumed that the 
system under consideration has an axial symmetry and 
the average number of molecules within each layer is 
constant. The free energies of the discrete film layers are 
determined by the following equations: 

41(41+ 42)/6 + O ~ C J ~ ( ~ I +  ~ 2 ) / 6  

- ( K B  T/vO) In (( 1/2z) 6 dzl 

x J-: ~ l ~ z l l ~ ~ ) d c o ~ ~ l ) ] ,  (12) 

-(KBT/%o)ln ( (1/2z) ill){ dzi 

x [-: A ( z i ,  ai)dcos )] , (13) 

F N  = NiV, q N ( q . v - l +  q N ) / 6  + ~ c d c N - 1 +  c.v)/6 

NI 

[ 
-(KBT/vo)ln((l/21) " - 1 ) 1  dZN 

1-y f N ( z N ,  $N)dcos 9, 5 )I (14) 

where Ni is the number of molecules within a single 
layer. The total free energy F of the N layer film is equal 
to 

N 

F = C Fi. (15) 
i = l  

3. The results of numerical calculation and comparison 
with experiment 

The numerical solution of equations (8, 9) allows a 
determination of the local order parameters 4i and ci at 

given values of the number of film layers N ,  temperature 
T, and parameters c1 and Wo/V,, and equations (12-15) 
give the total free energy F of the film and its distribution 
over the film layers. Since our purpose is to account for 
the experimentally observed phenomenon of layer-thin- 
ning transitions in free-standing smectic A films upon 
heating, we must choose the values of the parameters N ,  
01 and Wo/Vo most appropriate to the experimental 
conditions. According to [ 161 the initial film thickness 
was equal to 25 layers. Therefore we set the initial 
number of film layers equal to No = 25. Further, in [16], 
a free-standing LC film exhibiting a bulk SA-I phase 
transition was investigated. According to McMillan 
theory [17], the SA-I transition occurs for 01 > 0.98. 
Hence, in our numerical calculations we will use ma 1 
(1,1.05,1~1,1.2). As for the value of the ratio Wo/Vo, 
in its choice we can be guided by the fact that the 
free-standing S ,  films experimentally investigated were 
stable above the bulk S,I transition temperature. 
Consequently, it is reasonable to assume that the LC 
molecules-boundary surface interaction constant Wo 
must be greater than the intermolecular interaction 
constant V, and we should set W0/& > 1. Henceforth, 
we will use Wo/V, = 3. It should be noted that numerical 
calculations show a very weak dependence of the results 
obtained on the concrete value of the ratio Wo/Vo. 

The numerical solution of equations (8, 9) shows that 
for T <  T,(No) (T,(No)> &), where T,(No) is a critical 
temperature for the No layer film, the SA phase occurs 
in the film under consideration. Typical orientational 
and smectic order parameter profiles for T < T,(No) are 
shown in figure 1. It is seen that both orientational and 
smectic order parameters are different from zero in each 
film layer and their magnitudes in the first interfacial 
layers exceed those in the interior layers. As for the free 
energy profile in the No layer SA film, it is a mono- 
tonic function of distance from the boundary surface 
(figure 3, curve 1). If an effective force P = -aF(z)/az is 
defined (in the case of discrete layers the effective force 
Pi acting on the ith layer can be defined as 
-(Fi+l - Fi)/((i + 1 - i)Z) = (Fi - F i + l ) / l ) ,  then, as fol- 
lows from figure 3 (curve l ) ,  this force for each layer of 
one half of the film is directed towards the nearest 
boundary surface and the forces acting on all layers of 
the other half of the film are directed towards the second 
boundary surface. In other words, in the No layer SA 
film, for T c  T,(N,), all film layers are subjected to 
attractive forces from the boundary surfaces. 

When the critical temperature T,(No) is reached, the 
No layer S, film becomes absolutely unstable and the 
system under consideration undergoes a discontinuous 
transition to a composite structure with melted interior 
layers. The orientational and smectic order parameter 
profiles in the composite structure are shown in figure 2. 
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420 L. V. Mirantsev 

Figure 1. The orientational and smectic order parameter 
profiles in the S, phase in a free-standing LC film at T =  
0.2298 (T/,/K,) ( T  < TJNo)) = 25, CI = 1.05. (1): the orienta- 
tional order parameter; (2): the smectic order parameter. 

Figure 2. The orientational and smectic order parameter 
profiles in the QS, phase at T,(No) = 02299 (Vo/KB). No = 
25, i( = 1.05. ( 1 ) :  the orientational order parameter; (2): the 
smectic ordcr parameter. 

It is seen that although both the orientational and 
smectic order parameters in the first interfacial layers 
are different from zero, they decay rapidly to nearly zero 
with distance from the boundary surface. In fact, the 
isotropic phase occurs in the interior film layers. In the 
composite structure, the monotonic character of the free 
energy profile (figure 3, curve 2) is drastically distorted. 
Now the distribution of the free energy over the film 

0 015 1 5 10 15 2 I)  L5 

I 

Figure 3. The free energy profiles in the free-standing LC 
film in the SA phase and QS, phase. No=25,  a =  1.05. 
( 1): the S, phase at T = 0.2298 ( Vo/KB); (2): the QS, phase 
at T,(N,) = 02299 ( &/KB). 

layers has two maxima which are symmetric with respect 
to the centre of the film. The presence of these maxima 
results in the first 2-3 interfacial film layers being 
subjected to attractive forces from the boundary surface, 
whereas the interior layers are subjected to forces acting 
in the opposite direction. As a result, the interior film 
layers are squeezed by the interfacial layers. 

Let us estimate the pressure acting on the interior 
layers. In order to do this we can use curve 2 in figure 3. 
According to this curve, the free energy per single layer 
achieves its maximum value - 5 x 10-3Ni V, in the third 
layer (i = 3) and then decays to nearly zero for i = 5. 
Hence, the free energy per single film layer decreases 
from -5  x lW3NiV0 at a distance of two molecular 
lengths, i.e. - 5 x 10-7cm. The number of molecules Ni 
within a single layer with unit surface (1  cm2) can be 
estimated as nol, where no x 1.5 x lo2' cmP3. Taking 
1 x 2.5 x 10-'cm, we obtain Ni z 3.75 x 10'4cm - 2 .  The 
magnitude of the constant V, can be estimated in the 
following way. According to  McMillan theory [ 171, for 
x = 1-1.2, the bulk SA-I phase transition temperature 
ranges from 0.2213 x (&&) to 0.2368 x (V,/KB). The 
mesomorphic compound studied in [ 161 exhibits the 
bulk S,T transition at the temperature To x 358 K. 
Hence we obtain V, x (2.1 - 2.2) x erg and 
Ni V, x 80 erg ~ m - ~ .  Then the average pressure acting 
on the interior film layers can be roughly estimated 
as - 5  x 10-3Nj1/0/5 x 10-7cm, -8 x 105dyncm-' or 
8 x 1 O4 N rn- that is comparable with atmospheric pres- 
sure. Consequently, the interfacial smectic layers can 
squeeze interior isotropic layers into the surrounding 
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reservoir producing a stable smectic A film with a fewer 
number of layers. 

One can then ask: what is the number, N,,  of layers 
in the free-standing smectic A film after the thinning 
transition? The answer to this question is the following: 
the number of layers remaining in the film after thinning 
must be the number that produces a stable SA film with 
total free energy not exceeding that of the composite No 
layer film with melted interior layers. Consequently, we 
have to decrease the number of film layers (at the 
constant temperature %(No)) from the initial value No 
to a final value N ,  for which one can obtain the solution 
of equations (8, 9) corresponding to the S, phase with 
total free energy (15) not exceeding that of the QS, 
phase in the N o  layer film. This number, depending on 
the value of the parameter a, is: N ,  = 15 for a = 1; N ,  = 
13 for a = 1-05; N ,  = 12 for D! = 1.1; N ,  = 10 for a = 1.2. 

After this first thinning transition, the SA phase with 
the order parameter profiles similar to those shown in 
figure 1 occurs in the film until the second critical 
temperature T,(N,)  (T,(N,) > T,(N,,)) is reached. At this 
temperature, the interior layers of the film undergo a 
melting transition which, in turn, gives rise to one more 
squeezing of the melted interior layers into the sur- 
rounding reservoir. Using the above mentioned proced- 
ure, we can again obtain the number N, of layers 
remaining in the film after the second thinning transition. 
Reiterating this procedure for subsequent values of the 
film thickness, we have obtained the following sequences 
of layer-thinning transitions upon heating: 

25+15-+13-+12+11+10+9 +... for a =  1; 

25+13-+11-+10+9-+8 +... for a =  1-05; 

25+12-+11+10+9+8+ ... for a =  1.1; 

25 -+10-+9+8  +... for a =  1.2. 

It is easily seen that the layer-thinning transitions 
obtained for 2 = 1.05 are almost similar to the experi- 
mental ones [16]. Using this value of the parameter a, 
we have plotted the dependence of log [ (T , (N)  - &)/To] 
on log(N) (figure 4, curve 1) and compared it with the 
analogous experimental dependence [ 161 (figure 4, 
curve 2 ) .  It is found that for N < 13, the theoretical 
curve is well described by relationship (l) ,  with an 
exponent p = 0 7  very similar to the experimental value 
( p  = 0.74). One can see from figure 4 that for N 6 13, 
both theoretical and experimental curves are parallel to 
each other. However, the absolute values of the para- 
meter t(N) given by theory are about 3-4 times larger 
than the experimental values, and for N > 13, the theor- 
etical dependence becomes sharper and approaches the 
well known Kelvin law, namely, t(N) - N - l .  Possibly 
this discrepancy is due to utilization of the mean-field 

Y I 
\ 
\ 

\ 

Figure 4. The dependence of the layer-thinning transition 
temperature on the film thickness. ( 1): theoretical curve 
(m = 1.05, To = 0.2249 (&/K,));  (2): experimental data 
C161. 

approximation which is the simplest approach to the 
phenomenon under consideration. 

4. Conclusion 
We offer a simple macroscopic mean-field model for 

a thin LC film with two boundary surfaces. This model 
accounts for the recently observed phenomenon of layer- 
thinning transitions in free-standing smectic A films 
upon heating [ 161. It is shown that this phenomenon is 
due to the melting of interior layers in the film above 
the bulk SA-I transition temperature. In the composite 
S, film with melted interior layers, the orientationally 
and positionally ordered interfacial layers squeeze sev- 
eral isotropic interior layers into the surrounding reser- 
voir. The number of layers remaining in the film after 
squeezing must be that needed to provide the existence 
of a stable S, phase with free energy not exceeding that 
of the composite structure in the film of initial thickness. 
The theory predicts the sequence of layer-thinning trans- 
itions in free-standing S, films very similar to that 
observed experimentally. 
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